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Abstract
Biodiesel produced by the transestérification of vegetable oils (sunflower oil) with 
methanol is a promising alternative fuel to diesel because of the limited resources of 
fossil fuel and environmental concerns. A base or acid catalyst is usually used to 
improve the reaction rate and yield. In this work, comparative studies on 
homogeneous (NaOH) and heterogeneous (CaO based) catalysts were undertaken at 
the same reaction conditions (1% catalyst dosage, oil/methanol mole ratio = 1/9, 333K 
water bath). It was found that the NaOH took a shorter time to achieve 95% oil 
conversion than CaO based catalysts. However, CaO-based catalysts could replace 
such conventional homogeneous catalysts, because they are reusable and inexpensive. 
However, Ca^  ^leaching from the catalyst was detected. Carbon was intioduced as the 
CaO catalyst support and this gave a significant reduction in the Ca^  ^ions released to 
biodiesel, hi the methanolysis of sunflower oil with NaOH and CaO-based catalysts, 
reaction orders and activation energies were also assessed. In addition, a microwave 
heating method was considered. Results show that microwave heating fails for CaO- 
based catalysts, but does work for the NaOH (which takes <1 min) to give 95% 
conversion (when 1% catalyst dosage, oil/methanol mole ratio = 1/9).
Microemulsions may be considered as alternative fliels that achieve better fuel 
economy and lower pollutant emissions. Hence, the essential features of water -  in -  
diesel (D)/biodiesel (BD) microemulsions systems have been considered with vaiying 
level of surfactant (S), cosurfactant (COS), S/COS ratio, D/(S+COS) ratio and H2O 
concentration. The physicochemical properties of the various W/D(BD) 
microemulsion have been examined (i.e. viscosity, conductivity and droplet size).
The engine performance and engine emission (CO, NO, HC and particulate matters) 
characteristics between these prepared fuels (D, D/BD blends, W/D and W/D(BD) 
microemulsions) were measured and compared. Results presented show that the 
microemulsion fuels give lower levels of emission of NO, HC and particulates that 
represent an environmental and health hazard, and lower fuel consumption (due to 
better burning efficiency) but an increased level of CO emissions (because of the
“microexplosions”). On tire other hand D/BD blends produced lower concentrations 
of tire HC, particles aird CO in the exhaust than neat diesel. However, the fuel 
corrsumptioirs aird NOx eirrissiorrs of bleird fuels perforirred a little higher than diesel 
fiiel operatioir.
Ceriuirr (Ce) fuel-bonre (FBC) and water-bonre (WBC) catalyst have beeir introduced 
as air alternative way to reduce diesel emission particulates (DEPs). The effect of aird 
mode of action of FBCs and WBCs for DEPs structure have been evaluated by EELS, 
diffraction, TEM and SEM. The rate of DEP oxidation was studied by DSC and TGA, 
where results indicated that the oxidation activation energy did not change but the 
oxidation temperature (the temperature for the reaction of carbon with oxygen) was 
lowered with Ce dosing.
ill
Acronyms:
BET: Brunauer Emmett and Teller
BSTFA: bis (trimetliylsilyl) -  trifluoroacetamide
BD: biodiesel
CaO (006): Commercial CaO immersed in 20ml 0.06g/ml (NH4)2 C0 3 , dried and 
calcined at 1173K
CaO (012): Commercial CaO immersed in 20ml 0.12g/ml (NH4)2 C0 3 , dried and 
calcined at 1173K
CaO (024): Commercial CaO immersed in 20ml 0.24g/ml (NFÏ4)2 C0 3 , dried and
calcined at 1173K
C-CaO: Commercial CaO
CaO/C: treated CaO were coated on the carbon
C-BD; conmiercial biodiesel
COS: cosurfactant
D: diesel
DEPs: diesel exhausts particulates
DLS: dynamic light scattering
DMF: dimethylformanide
DSC: differential scaiming calorimetry
EDX: energy dispersive X -  ray spectroscopy
FAME: fatty acid methyl ester
FBCs: fuel borne catalysts
FTIR: fourier transform infrared spectroscopy
GC / MS: gas clii’omatography / mass spectrometry
HPLC: high -  performance liquid clrromatography
'H NMR: proton Nuclear Magnetic Resonance Spectroscopy
S: surfactant
SEM: scanning electron microscopy
STEM: scanning and Transmission electron microscopy
S b e t ’ Surface area was measured by BET
TEM: transmission electron microscopy
TGA: theimal gravimetric analysis
TPD: temperatme programmed desorption
WBC: water borne catalyst
W/D: water in diesel microemulsion
W/D (BD); water in diesel and biodiesel microemulsion
XRD: X - ray diffraction
XRDLB: XRD line boarding
Chapter 1 Biodiesel
1.1 Biodiesel Introduction
1.1.1 World Energy Supply
With the expectation of improving the quality of our lives, we have all become much 
more dependent on our energy supply (vehicle fuel, electricity and gas, etc) than 
previously. As a result, the world energy demand has recently risen significantly. At 
present, about 85% of world energy needs to come from non -  renewable or 
exhaustible resources (e.g. fossil fuels) of which the oil supply is 34% (see Fig.l- 1 '). 
Crude oil can be refined into more useful petroleum products, such as gasoline, diesel 
and liquefied petroleum gas. Hence, crude oil has also been called “black gold” and is 
very important for the world economy.
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Fig. 1-1 World energy supply in 2007'
However the pattern of crude oil consumption is highly asymmetric. Fig. 1-2 shows 
the world crude oil demand in 2005, where North America (U.S.A.) remains the 
largest single consumer (accounting for more than 28% of the oil demand, which is 9 
times that of Africa (3%)). On the other hand, Asia, China, Rep. of Korea and Japan 
demand just 17% of the world oil and Western Europe 10%.
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Fig. I-2 World crude oil demand (%) in 2005'
1.1.2 Current Fuels
Currently, liquid fossil fuels commonly in use globally are gasoline, diesel and jet fuel. 
Thus there are very few vehicles that run on alternative fuels (e.g. propane, electricity 
and hydrogen). The method of obtaining fuels from crude oil was explored one 
hundred years ago and remains in use to the present day; this involves simple 
distillation, cracking and refining of crude oil. The distribution of use of these fuels 
has changed dramatically (see Fig. 1-3).  ^Petrol is a low boiling point fraction which 
has on average, a carbon chain 5 - 1 1  with a gravity of 0.7 g / cm  ^-  0.78 g / cm .^ It is 
the distillate obtained from fractional distillation between 343 -  393K. Diesel and jet 
fuel emerge from higher distillation temperatures (~ 423 -  673K), and have a density 
range of 0.78 -  0.85 g/cm^ with 12-18  carbons in each chain.
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Fig 1-3 Distillate fractions from petroleum and related productions^
In 2008, the oil price rose sharply due to high demand and the influence of the global 
economy. As an example, Fig. 1-4 shows the average diesel price in pence per litre 
(ppl) in UK from 07 / 2007 to 06 / 2009.^  ^One should notice the increase in the first 
twelve months, where diesel prices rose by 36 ppl to 133.1 ppl. After that, the prices 
have fallen by 28 ppl from 133.1 ppl (07 / 2008) to 104.8 ppl (06 / 2009).
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Fig. 1-4 Change in bulk diesel prices 07 / 2007 -  06 / 2009"^
1.1.3 Renewable Energy and Fuels
From Fig. 1-1, one can see that the three basic energy currencies (cmde oil, coal and 
nature gas) account for 81% of world energy supply. However, we have to accept the 
fact that oil, coal and gas were all formed long ago and this rate of consumption
cannot continue on the human time scale. They are simply not renewable. As a result 
more countries and scientists are making efforts to research alternative or renewable 
energy sources.
Alternative energy is typically defined as coming from somces that do not deplete 
natural resources or harm the environment.^ Renewable energy is defined as energy 
generated from natural resources which include solar power, wind power, 
hydroelectricity, biomass and biofuels.^ Usually they are used to supply electricity, 
fuels and heating. Nuclear power is a non-typical example. In broad terms, the various 
forms of renewable energy have a number of attr active features.
They:
i) enliance diversity in energy supply;
ii) secure long -  term sustainable sources of energy;
iii) reduce local and global atmospheric emissions;
iv) open up energy supplies to rural areas and developing nations;
v) create new employment opportunities;
vi) offer possibilities for the local manufacture of equipment; and
vii) conserve fossil fuels for use by future generations.
Among these energies, biofuel is considered to be a substitute for conventional fuels 
(mainly gasoline and diesel); it can be defined as a gaseous, liquid and solid fuel 
derived from a biological source. It can be CH4 (from anaerobic fermentation), 
methanol (CH3OH, from natural gas or wood distillate), ethanol (C2H5OH, from 
fermentation) and biodiesel (from the reaction of vegetable oil or fats with alcohol).^ 
As a result, biodiesel is expected to replace or reduce fossil diesel demands in the 
future. Biodiesel has been a very hot topic around the world recently; its attractions 
may be that it:
i) provides a transport friel from a renewable source;
ii) reduces dependence on imported fuel;
iii) can be distributed via the existing petroleum -  supply infrastmcture;
iv) inti'oduces a new mral industry and a new market for farmers;
v) can be used in standard, unmodified diesel engines;
vi) contains no sulfui' or aromatic compomids and is non - toxic; and
vii) is biodegradable.
1.1.4 Biodiesel Background
Biodiesel is defined as the fatty acid methyl ester (FAME) derived from vegetable oils 
or animal fat. In a chemical terms FAME is usually produced by the 
transestérification of vegetable oil or animal fats with methanol. Its fuel properties are 
quite similar' to those of conventional diesel fuels.^ Most research on FAME reported
is based on the same stepwise reaction of triglycerides (TGs) + methanol FAME +
glycerol (see Fig. 1-5), in the presence of alkaline or acidic catalysts. Glycerol is a co­
product.
ÇH2 0 0 CR1 CH2 OH R1C0 0 CH3I Catalyst |ÇHOOCR2  + 3 CH3OH — — -  CHOH R2 COOCH3
CH2 OOCR3 CH2 OH R3 COOCH3
Fig. 1-5 Transestérification to produce BD 
The feedstocks consist of triglyceride molecules and can be classified as follows:
i) vegetable oils such as soybean, rapeseed oil, corn oil, sunflower oil etc.
ii) restaiu'ant waste oils such as frying oils
iii) animal fats such as beef tallow or lard, and
iv) trap grease, float grease (from waste water treatment), etc.
In Fig. 1-5, the R l, R2 and R3 represent the hydrocarbon chains of fatty acyl groups 
of the triglyceride, whose chain length is ^ 1 0  carbon atoms.
The friel properties of the biodiesel are determined by the amounts of each fatty acid 
in the feedstock used to produce the esters. Fatty acids are designated by two numbers: 
the first nmnber ( 1 2 , 14, 16, etc.) represents the total number of car bon atoms and the 
second is the number of double bonds present in the chain (saturated, the number =0 ; 
and unsatmated, the number >0). For example, 18:1 denotes the fatty acid has 18 
carbon atoms and one double bond. Tablel-1 shows the name of some fatty acids in 
the range C12 -  C22 (saturated and unsaturated). Table 1-2 then lists the fatty acid 
profiles of a number of common vegetable oils and animal fats.
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1.1.5 Production of Biodiesel
1.1.5.1 Transestérification
As mentioned above, the reaction to produce biodiesel is called transestérification and 
it can be defined as the replacement of alkyl group in an ester by another in a process 
similar to hydrolysis, except that alcohol is used instead of water; the reaction is 
presented by the general equation in Fig. 1-6.^
O 0
RiOH R2 OH
R2 O R3  RiO R3
Fig. 1-6 General transestérification reaction^
Transestérification is a reversible reaction.^ A catalyst accelerates the conversion. A 
photograph of the biodiesel product is shown in Fig. 1-7.
Table 1-1 Relevant Fatty acids
Fatty acid Name
1 2 : 0 dodecanoic acid (lauric acid)
14:0 tetradecanoic acid (myristic acid)
16:0 hexadecanoic acid (palmitic acid)
16:1 palmitoleic acid
18:0 octadecanoic acid (stearic acid)
18:1 oleic acid
18:2 linoleic acid
2 0 : 0 eicosenoic (gadoleic acid)
2 2 : 1 eurcic acid
Table 1-2 Composition (mass %) of various oils and fats^
Oil or fat 14:0 16:0 18:0 18:1 18:2 18:3
Sunflower 4-9 1-7 14-40 48-74
Soybean 6 - 1 0 2-5 20-30 50-60 5-11
Corn 1 - 2 8 - 1 2 2-5 19-49 34-62 Trace
Lard 1 - 2 28-30 12-18 40-50 7-13 0 - 1
Tallow 3-6 24-32 20-25 37-43 2-3
Fig. 1-7 Product of transestérification (biodiesel)
Fig. 1-8 gives the general scheme for transestérification of a general triglyceride (TG) 
to form fatty acid methyl ester (FAME, namely biodiesel) and glycerol (GLY). The 
three reactions below can take place in parallel or sequentially. When 
transestérification is applied in biodiesel production, a glycerol layer settles down at 
the bottom of the reaction vessel as a co-product; diglycerides (DG) and 
monoglycerides (MG) are the intermediates in this process.
V
CHj— 0 - C - R *  CH2— O - H
O O
CH—O —C— R" (TG) + MeOH ,  CH—O—C— R‘* (DG) + R'COOCH]
CH2— 0 - C - R > " CH2— O - C - R I I I
CH2— O — H 
O
ÇH—O —C— R'* (DG) + MeOH
CH2— 0 - C - R " ‘
CH2— O — H
C H - O - H  (MG) + MeOH 
CH2 —O - C - R ' i i
CH2 O—H
C H - O - H  (MG) + R‘’cOOCH3
I I
CH2— O - C - R ' "
CH2— O - H
CH—O—H (GLY) + ^ " c O O C H 3
CH2— O - H  
Fig. 1-8 Transestérification of a triglyceride^
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1.1.5.2 Transestérification Mechanism
Catalysts used for the transestérification of triglycerides are classified as alkali, acid 
and enzymic. The mechanism of alkali -  catalyzed transestérification is shown in 
Fig.1-9.'"
The first step involves the attack of the alkoxide ion on the carbonyl carbon of the 
triglyceride molecule, which results in the formation of a tetrahedral intermediate. The 
reaction of this intermediate with alcohol reproduces the alkoxide ion in the second 
step. In the last step the rearrangement of the tetraliedral intermediate gives rise to an 
ester and a diglyceride.
Prestep
Step 1
NaOR %  -  RO + Na^
CP ?■R '-C  + RO'  ^ R '- C - O R
OR" OR"
Step 2
Step 3
O O'
R '-C — OR + R - C P k  ,  R '-C —OR + RO'
OR" +HOR"
R ._C —OR ,  R'COOR 4- R'OH
•*-^R"
R"-CH2---ICH—OCOR'ICH2— OCOR'
R' =  Carbon drain o f fetty acid 
R = Alkyl group o f  alcohol
Fig. 1-9 Mechanism of base - catalyzed transestérification 10
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In addition, transestérification can be catalyzed by Bronsted acids, as well as by 
sulfonic (e.g. H2 SO3) and sulphuric acids (e.g. H2 SO4). The mechanism of acid 
catalyzed transestérification of vegetable oil is shown in Fig. 1-10.^® However; it can 
be extended to di -  and tri -  glycerides. The protonation of carbonyl group of the ester 
leads to the cai'bocation, which, after a nucleophilic attack of the alcohol, produces a 
tetrahedral intermediate. This intermediate eliminates glycerol to form a new ester and 
regenerates the catalyst.
f )R '-C -O R "
H+ O^H OH I
R'—C—OR" '  " R-—c —OR"+
OH H o
H ^
— OH
— OH R" = diglyceride
R' = carbon chain of fatty acid
R= alkyl gioup oftlie alcohol 
Fig. 1-10 Mechanism of acid - catalyzed transestérification.^^
1.1.6 Catalysts
From the above description it will be clear that transestérification can be accelerated 
in the presence of catalysts. As a result, much catalytic research has been undertaken 
in the field of acid and base.*’ Currently there are two major classes of catalysts: 
homogeneous and heterogeneous.*^
Homogeneous catalyst
A homogeneous catalyst has the same phase as the reactants. *^  Homogeneous 
catalysts include both alkaline and acidic ones. Typically alkaline catalysts have been 
widely used in practice because the use of an acidic catalyst is characterized by high 
temperature. *"* Sodiimi hydroxide (NaOH), potassium hydroxide (KOH) and sodium
12
methoxide (NaOCHs) are all basic homogeneous catalysts. Acidic homogeneous 
catalysts include H2 SO4 , HCl, HNO3 , etc. However, the homogeneous catalysts may 
cause the formation of soap (especially, in the presence of base catalyst) and other 
side - reactions*^ during the transestérification reaction and afteiwards those undesired 
side product need to be water washed out of products. That will influence the quality 
of BD and increase the operation costs.
Heterogeneous catalyst
The heterogeneous catalysts are in a separate (often solid) phase from the reactants; 
they provide a surface on which the chemical reaction takes p l a c e .A t  the beginning, 
one or more of the reactants are adsorbed on to the surface of the catalyst at active 
sites. There is some form of interaction between the surface of the catalyst and the 
reactant molecules which makes the molecules more reactive. After reaction, the 
products must desorb and diffuse away from the solid surface.’^  hi transestérification, 
the catalyst is insoluble in both the triglyceride and the alcohol. Such solids mainly 
include metal compomids which can perform like base or acid. Heterogeneous 
catalysts can reduce side -  reactions, improve the yields and also can be separated 
from reactants/productions by a simple filtration. So far many heterogeneous 
catalysts have been widely reported such as CaO, MgO, ZnO, SnO, Zi0 2 /S0 4 '^ and so 
on. Most studies have concluded that increased basicity of the solids results in a 
higher activity for transestérification. They may however be diffusion -  limited 
(with low activation energies).
1.1.7 Variables Affecting Transestérification Reaction
The process of transestérification is affected by various factors depending upon the 
reaction condition used. The effects of these factors are listed below.
Effect of free fatty acid and moisture
The free fatty acid and moistme contents are key parameters for determining the 
viability of the vegetable oil transestérification process. To carry the base catalyzed 
reaction to completion, less than 3% free fatty acid (FFA) is required.^** The higher the
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acidity of the oil, the smaller is the conversion efficiency (i.e. free fatty acid is 
wasteful). The negative influence of base catalyzed transestérification of triglycerides 
containing substantial amoimt of FFA has been reported.^* FF A reacts with the basic 
catalyst added for the reaction and gives rise to soap (i.e. sodium stearate), as a result 
of which, one part of the catalyst added is neutralized and is therefore no longer 
available for transestérification.
Therefore, the triglycerides should have a low acid value and all materials should be 
substantially anhydrous. The addition of more base catalysts compensates for higher 
acidity, but the resulting soap causes an increase in viscosity or formation of gels that 
interferes in the reaction as well as with separation of glycerol (Gly).^^ The catalyst 
has to be maintained in an anhydrous state otheiivise the effectiveness of these 
catalysts will diminish.
In order to deal with FFA in the oil (especially the cooked oil), a two - step 
estérification process is used. Initially the FFA of these can be converted to fatty acid 
methyl esters by an acid catalyzed pre-treatment and in the second step 
transestérification is completed by using an alkaline catalyst to complete the 
reaction.
Catalyst type and concentration
The catalyst type has been described in section 1.1.6. The catalytic activity of
Imagnesium oxide (MgO), calcium hydroxide (Ca(0 H)2), calcium oxide (CaO), i
calcium methoxide (Ca(OCH3)2) and barium hydroxide (Ba(OH)2) have been 
compared witli NaOH. NaOH exhibited the highest catalytic activity for j
transestérification of rapeseed oil. The degree to which the substrates were reacted 
was 85% after 30min and 95% after Ih. Ba(OH) 2  was slightly less active (with a i
conversion of 75% after 30mm). Ca(OCH3 ) 2  had medium active (55% after 30min |
and 80% after Ih). The rate of reaction was slowest when catalyzed by CaO, MgO 
and Ca(0 H)2 ; indeed they showed no catalytic activity in rapeseed oil methanolysis.
As a catalyst in alkaline methanolysis, NaOH or KOH have been used most often, in a 
concentration from 0.4 -  2% w/w of oil. Soybean oil with 1% either NaOH or KOH 
resulted in successful conversion which has given the best yields and viscosities of the 
esters .CaO has also been researched^^ indicating the loading between 1% - 1.5%
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gave maximum ester conversion. Therefore, 1% catalyst was loaded in present 
transestérification experiments.
Acid catalyzed transestérification has been studied with waste vegetable oil,^  ^The 
reaction was conducted at four different catalyst concentrations (0.5, 1.0, 1.5 and 2.25 
M HCl in the presence of 100% excess alcohol) and the result was compared with 
2.25 M H2 SO4 ; a decrease in viscosity was obseiwed. H2 SO4 had superior catalytic 
activity in the range of 1.5 -  2.25 M concentration.
Molar ratio of alcohol to oil and type of alcohol
One of the most important variables affecting the yield of ester is the molar ratio of 
alcohol to triglyceride. The stoichiometric ratio for transestérification requires tlnee 
moles of alcohol and one mole of triglyceride to produce three moles of fatty acid 
alkyl esters and one mole of glycerol. However tiansesterification is an equilibrium 
reaction (reversible reaction) in which a large excess of alcohol is required to drive 
the reaction to the right, but the high molar ratio of alcohol to vegetable oil influences 
the separation of glycerol due to an increase in solubility in biodiesel. For molar ratios 
less than 6:1 (alcohol : tiiglyceride), the reaction is incomplete. For a molar ratio of 
15:1 the separation of glycerine is difficult and the apparent yield of esters decreases j
because a part of the glycerine remains in the biodiesel phase.^^ Therefore, molar ratio :
6:1 to 9:1 seems to be the most appropriate.^^ In this study, the molar ratio 9:1 is 
applied.
Methanol and ethanol are not miscible with triglycerides at an ambient temperature
and the reaction mixtures are usually mechanically stirred to enhance mass transfer
(and overcome interfacial diffusion limitation). During the course of reaction, '
emulsions are usually formed because of the intermediates (monoglycerides and iIdiglycerides), which have both polar OH groups and non -  polar HC chains are i
surface active. The emulsions do not then conform to expected homogeneous |
kinetics.In  case of methanolysis, these emulsions quickly and easily break down to |
fomi a lower glycerol rich layer and upper methyl ester rich layer. In ethanolysis, !
these emulsions are more stable and severely complicate the separation and |
purification of esters.Hence, methanol was applied for this study. '
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other effects
Transestérification can occur at different temperatures, depending on the oil used. For 
instance, the transestérification of soybean oil with methanol (6 : 1  ratio) and 1 % 
NaOH, the reaction was studied at three temperatures.^^ After O.lh, ester yields were 
94%, 87% and 64% for 333K, 318K and 305K, respectively. After Ih, ester formation 
was identical for 333K and 318K mns and slightly lower for the 305K. Temperature 
clearly influences the reaction rate and yield.^^
The degree of reaction mixing and the use of organic cosolvents can effect the 
transestérification kinetics as well.^^’^ "^ Stining can accelerate tlie reaction and 
cosolvents can improve the contact of the reaction in a single phase which led to the 
reaction rate enliancement. Usually, tetrahydrofuran (THF) is chosen as the 
cosolvent.^^
1.1.8 Analytical Monitoring of the Reaction
Various analytical methods have been developed for analyzing mixtures containing 
fatty acid esters and mono-, di-, and triglycerides obtained by the transestérification of 
vegetable oils.
A gas chromatographic (GC) method for the simultaneous determination of glycerol, 
mono-, di, and triglycerides in vegetable oil methyl esters has been widely used, 
employing flame -  ionization detectors ( F I D ) . T h e  sample is typically prepared 
by mixing 100 -  500 mm^ methyl ester with 100 mm^ of 1,4-butanediol standard 
solution in N, N-dimethylformamide (0.1 mg / cm" )^ and 600 -  200 mm^ of DMF. 
Finally 200 mm^ of BSTFA is added to reach the final volume of 1ml. The mixture 
was shaken vigorously and 2 mm^ aliquots were injected in the GC after at least 10 
mill. The GC capillary column usually used was fused silica, 60 mxO.25 mm, 0.25 pm.
A general advantage of HPLC compared to GC is that time-and reagent-consuming 
derivatizations are not necessary, which reduces analysis time. The first literature on 
HPLC determination of overall contents of mono-, di- and triglycerides in methyl 
ester has been monitored using a density detector.Currently, it has been improved
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with use of UV'*® (at region of 205nm) and refractive index detection.'*  ^The HPLC 
mobile phase consisted of acetone and acetonitrile.
Additionally, the 'H NMR method has been used to determine the yield of the 
transestérification reaction and this method was chosen for this study as well. Other 
analytical methods (i.e. gel permeation chromatography method and NIR 
spectroscopy) have also been reported."^ ’^
1.1.9 Biodiesel Market and its Prospects
Diesel engines iimning on biodiesel produce approximately 80% less carbon dioxide 
and almost 100% less SO2 than neat diesel. In the EU, the European Commission has 
set the objective for member states to achieve 5.75% biofuel usage by 2010.'*'* In 
January 2007 it proposed to introduce a legislative mandate for member states to 
achieve 10% bioftiels usage for tiansportation purposes by 2020."^  ^ Various European 
nations have created their own biofuel mandates in excess of EU targets. Sweden is 
targeting a switch to 100% biofuels for transportation use by 2020."*^  Fig. 1-11"*^
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shows the greatly increased EU biodiesel production from 1993 
improved by a factor of almost 60 times.
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3050
2450 -
.g 1850 -
1250 -
M 650 -
1994 1996 19981992 2000 2002 2004 2006Years
Fig. 1-11 Biodiesel production of the European Union (1993 -  2005)46
The marketing of biodiesel in the EU seems to be relying on a classic supply and 
demand relationship to drive this development of the biodiesel market. Now one has
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to face the fact that biodiesel demand will increase the use of feedstock supplies in the 
EU (where there is a limit of the climate, the soil, labour cost etc)."^  ^ Biodiesel 
feedstocks, grown in the tropical area (such as Brazil, Zambia, etc) are cheaper, less 
energy and water intensive than crops grown for biodiesel in the EU."*^  Consequently 
in order to match EU’s aim in 2020, it is very important to maintain the incentives for 
suppliers of biodiesel feedstocks. In addition, the concept of a biopact has been 
proposed to develop the promising biodiesel global market. This is a worldwide tiade 
agreement which creates a symbiotic relationship between customers and producer."^  ^
However, the biodiesel market is promising, but faces certain difficulties. Firstly, use 
of biodiesel distorts food production. Secondly, the serious production of biodiesel 
would require a vastly greater area of land."^  ^Nevertheless, the global demand for 
biodiesel will continue to increase in the future and the market will also operate well 
sooner or later.
1.1.10 Aim of the Research in this Chapter
The aims of the research described in this chapter were to:
(i) Understand the transestérification process for biodiesel and biodiesel preparation.
(ii) Prepare improved CaO - based catalysts and characterize these catalysts using 
XRD, total surface area (BET) and DLS to understand the catalyst’s stmcture 
and physical properties, whereas SEM and TEM can provide evidence of the 
morphology of the catalysts.
(iii) Prepare biodiesel using vegetable oil with improved homogeneous and 
heterogeneous catalysts by means of conventional convection heating and 
microwave heating.
(iv) Characterize the product biodiesel using ^H NMR, GC/MS and TGA in order 
to obtain infomiation relating to oil conversion to FAME, contents of FAME 
and the volatility of the biodiesel.
(v) Investigate the improved kinetics of tiansesterification at different temperatures 
to evaluate the reaction order and activation energy.
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1.2 Experimental
1.2.1 Catalyst Experimental
1.2.1.1 Catalyst Preparation
Sodium hydroxide ( N a O H  pellets purity >99%) was purchased by Sigma -  Aldrich. 
These N a O H  pellets were ground in an agate mortar immediately prior to being 
dissolved in methanol ( C H 3 O H )  at 298K and used as a  benchmade catalyst. N a O H  
has been used widely as a homogeneous catalyst for transestérification.'^^’
The following heterogeneous catalysts were prepared:
n c a o
Commercial calcium oxide (CaO) powder was purchased by Aldrich (purity >99%) 
and kept in a desiccator. CaO has been reported as a catalyst in the transestérification 
reaction.^^’^ ’^^ '^ ’^  ^but it shows poor catalytic performance at lower temperatures (303 -  
353K). In addition, nano - sized CaO has also been considered and it is reported that 
the reaction rate was still modest at lower temperature.^^
ill Ammonium carbonate modified CaO catalyst
Calcium oxide (CaO) was immersed in 0.06, 0.12 and 0.24 g cnT  ^ ammonium 
carbonate ((NH4)2CO], Aldrich, purity >99%) solutions. After being stirred for 30min 
and filtered, the solid was collected using a centiifuge and desiccated at 383K. 
Subsequently, the solid was calcined at 1173K for 3 h and then was kept in a 
desiccator to keep off water. This type of treated CaO catalyst has shown good 
catalytic performance in the transestérification reaction.^^
iii) CaO/C Catalyst
Using a method presented previously with T %  (P25) on carbon^^, the above CaO 
catalyst was mixed with spheres (0.25 mm diameter) of carbon (Mast Carbon; surface 
area 737m^ g'^) that were to act as the catalyst support, in the presence of 5% 
polyvinyl alcohol (PVA, BDH, purity 99%) binder solution with stirring for 12 h. The
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particles were then separated with a centrifuge and desiccated at 383K for 8 h under 
vacuum. Eventually, the particles were placed in a furnace when flowing N2 at 973K 
(150 m bar) for Ih to allow the PVA thermal degradation (PVA degrades at about 
473K^^). The final particles were designated to be a CaO/C catalyst. As far as the 
author laiows, this type of catalyst has not been reported for use in transestérification.
1.2.1.2 C atalyst C haracterization
An X- ray diffractometer (XRD) was used to determine the identity of crystalline 
solids based on their atomic structure.D uring X- ray diffraction analysis, X- ray 
beams are reflected off the parallel atomic layers within a mineral over a range of 
diffraction angles, which is given by Bragg equation (see Bq. 1-1)^®. The X -  ray 
beam emitted a specific wavelength which corresponds to a specific angle, and then a 
peak is produced on the diffractogram by the detector.®* Every mineral has its own 
distinct set of diffraction peaks that can be used to identify it.
nA,=2dsin0 (Eq. 1-1)
where n is an integer determined by the order given, X is the wavelength of the X -  
rays, d is the spacing between the planes in the atomic lattice and 0  is the angle 
between the incident ray and the scattering planes.
In 1918, P.Scherrer showed the diffracted beam is broadened when the particle size is 
small. By an approximation method, an equation expression for the width at half 
height B of the diffracted beam can be converted (see Eq.1-2)®^ via the Schener 
Equation into:
where X is the wavelength of the incident X- rays, L is the linear dimension of par ticle 
(Â), 0 is the Bragg angle and X is a numerical constant (0.93) and B is also termed the 
width of the peak at half maximum intensity in radians (FWHM).
The structure of the catalyst was characterized by a Panalytical X’Pert Pro X-ray 
diffractometer (XRD), equipped with a graphite monocliromator and Cu Ka radiation 
(1=1.5405Â)) in the 20 range of 10 -  70° at a scan speed of 0.5 s, at 40 kV voltage
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and 20 mA cuixent. The XRD was calibrated by A I 2 O 3  standard powders (Sigma 
Aldrich, purity >99.9%, 50 11m -300 mn). The Fig. 1—12 presents the A I 2 O 3  standard 
powder XRD pattern and Table 1 -  3 lists the Bragg angle (0) and FWHM (B).
18000-| 
16000 -
14000-
12000 -
10000-
=1
6 8000-
.
% 6000-
c 4000-
2000-
0 -
-2000-
2 0 “Fig. 1-12 XRD pattern of A I 2 O 3  powder
0 (°) 1 2 . 8 17.6 18.9 21.7 26.3 :Z8 . 8 29.9 30.7 33.3 34.1
B
(rad)
0.0017 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0.0013 0 . 0 0 1 0 . 0 0 2 0.003 0.0005 0.0017
The specific surface areas of the powders were measured with the BET method 
(Brunauer, Emmett and Teller, Micromertitics ASAP 2000) applied to adsorption of 
the N2 at 77K after ongasing for 12 h (413K for 12 h). This method uses a theory for 
monolayer to multilayer adsorption with three hypotheses: (a) gas molecules 
physically adsorb on a solid in an infinite number of layers at close to the adsorbate 
boiling point, (b) with no interaction between each adsorbed layer, and (c) the 
Langmuir theory can be applied to each layer.
Transmission electron microscopy (TEM, Philips CM -  2000) and scanning electron 
microscopy (SEM, Hitachi S -  3200N) were undertaken to obtain moi-phological 
information. EDX (energy dispersive X — ray, Oxford Instrument) was operated as the
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voltage for energy dispersive analysis was 15 kV, and the time of X -  ray collection 
180 s.
The catalyst particle size distributions were analysed by dynamic light scattering 
(DLS, Malvern -  zetasizer nano series) in the range from 0.1 mii -  1000 nm after 
calibration with a standard (latex polymer microspheres in water 97nm ± 3nm). The 
amount of catalyst indicated was dispersed in methanol (Aldiicli, 99.9%) for DLS 
because it is inevitable that H2O would have reacted with CaO to form Ca(0 H)2 . The 
dispersion was stirred by sonication for 2 min and filtered to < 2 2 0  nm with a cellulose 
filter membrane (Sigma - Aldrich) before measuiement.
The total basicity and base strength were measured by CO2 temperature programmed 
desorption (TPD) and an indicator method. In TPD measurements, as the temperature 
rises and a paiticular species is able to desorb from the surface, the pressure will rise. 
As the temperature rises still further, the amount of tlie species desorbing from the 
surface will reduce causing the pressure to drop again. In a typical TPD experiment, 
50 mg catalyst sample was preheated in flowing helium (He) gas at 1073K for Ih (20 
K mill'*, 100 cm  ^ min'*) and allowed to cool to 373K and at this temperature the 
preheated catalyst was exposed to a 10% CO2 in He gas mixture flowing at 100 cm  ^
mill * for 30 min; subsequently the TPD of CO2 was carried out into sample between 
373K and 1073K with the heating rate of lOK min *. Prior to adsorption of CO2 , the 
blank TPD is carried out to confirm that no desorption of CO2 occuixed. This method 
has been widely used for CaO.®'* ’®®
The adsorption of CO2 on the CaO has been considered in detail by others®®'®^ . The 
most stable adsoiption configuration of CO2 is via the C atom adsorbed on sites of 
CaO to form carbonate.®  ^CO2 does not adsorb either via the O atom or on Ca sites.®^  
The bond length between the C atom in CO2 and O sites is 0.14 -  0.155 nm, which 
corresponds to a strong adsorption. The O -  C -  O angle of adsorbed CO2 are ~ 130°, 
indicating the fomiation of carbonates.®^ There are four possible adsoiption sites on a 
CaO cluster (see Fig.1-13®^); two on tenace sites (1, 2), one on an edge site (c), and 
one on comer site (d). The two terrace site adsorption configurations result from the 
fact that the CO2 plane can either be parallel to the Ca -  O -  Ca plane ((a) in Fig. 1-13) 
of the cluster or at an angle of 45° ((b) in Fig. 1-13).®^  This figure also gives any
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indication for transesterifciation as the CH3O' may be contacted with CaO in similar 
manner.
#  C a  e  o
Fig. 1-13 Different adsorption configurations of CO2 on a CaO cluster®**
The H_ acidity function is used to express the strength of the basic site that is defined 
as a measure of the ability of the basic solution to abstract a proton from an acidic 
solute.^® It is expressed by Eq. (1-3), where [AH] and [A'] are the concentration of the 
indicator and its conjugated base respectively, and the pKa is the logarithm of the 
dissociation constant of the indicator used.^'
H_=pKa-log AHA (Eq. 1-3)
Tanabe proposed transferring this concept to solid bases as a measure of their 
strength.The base strength of solid bases is expressed by means of the H value, 
equated to the highest among the pKa values of the adsorbates from which the basic 
site is able to abstract a proton. Tanabe also defined solid bases as materials with H 
values higher than 26 and superacid with less than - 1 2 .^ ^
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The indicator method is defined as the H_ values of basic solutions determined by 
using indicator molecules, hi the case of solid bases, the coloui' change of indicator 
molecules upon adsorption is taken as a measure of basic strength. If the colour 
change of the indicator is observed, the H_ value of the basic sites on the solid is 
higher than the pKa value of the indicator. Similarly, if the indicator does not change 
colour", the H_ value is less than the value of the indicator. By using different pKa 
values of indicator, the H_ value of the basic sites can be determined. In this study, 
the base catalyst was dispersed in a toluene solution of the indicator and colour 
change of the indicator was obsei'ved. The used indicator was shown in the table 
below.^^The indicator method was also used by the others, whose results showed CaO 
basic strength is 15.0< H <18.47®
Table 1 - 4  Indicators used and their pKaS
Indicator pKa
2,4-dinitroaniline 15.0
4-nitroaniline 18.4
diphenylarnine 22.3
4-chloraniline 26.5
Comments on CaO Characterisation Methods
All of the tluee metliods (Sbet, DLS and XRDLB) to calculate the average size (d) of 
particle in the catalysts have inherent advantages and disadvantages, (i) Average 
values of d can be derived from total surface areas (Sbet) via Eq.1-4:
Sdet   (Eq. 1-4)pd
where p is the density and d is the average particle size. The difficulty is that the BET 
analysis of Nz adsorption at 77K only works at 1 0  < S b e t  < 2 0 0 mVg.^ '* and most 
samples here had lower CaO areas, (ii) DLS on the other hand measures average sizes 
in the range 0 . 1  < d < 1 0 0 0  nm for dispersed samples that have been pre-filtered. (iii) 
XRDLB also gives an average d using Scherrer equation, but it is only valid when the 
diffracting material is stress free. This means that a judicious choice of methods of 
estimation of d is required.
24
Two methods have been described that were to be used to measure that number and 
type of basic sites on CaO -  based catalysts. Again these have advantages and 
disadvantages, (i) The titration gives an indication of the strength of the basic sites, (ii) 
CO2-TPD provides infoiination on the number and basic strength of surface sites. 
Again the evidence produced has to be carefully compared.
1.2.2 Biodiesel Experimental
1.2.2.1 Biodiesel Preparation
In this study, sunflower oil (Tesco) (average molecular weight was 879.5 g mol'*) was 
transesterified. The fatty acid compositions of the sunflower oil used in this study are 
shown in Table 1-5 (GC/MS result is shown in Appendix-1), which is different from 
the one indicated in Table 1-2. This probably is dependent on the process to produce 
oil and smiflower seed s .T h e  Table 1 - 6  reveals the transestérification conditions 
chosen for this study.
Table 1 - 5  Principal fatty acid components and molecular weight (MW) for 
sunflower oil used in this study
Fatty acid MW Content (%)
Anteiso (15: 0) 242 5.6
Heptadecanoic (17:0) 270 32.6
Heptadecadienoic (17:2 266 60.5
Nonadecanoic (19:0) 298 0.48
Others — -— ------ - 0.82
Tal3 le 1 -  6  Conditions of the transestérification reaction in this study
Oil Alcohol Catalyst Catalyst
loading
Molar ratio 
of alcohol 
to oil
Heating
sunflower methanol NaOH or 
modified CaO
1 % (wt) of oil 9:1 Water bath 
(333K) or 
microwave 
(<lmin)
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1.2.2.1.1 Reflux Heating
Traditionally, the transestérification generally needs to be heated and stiixed in order 
to accelerate the reaction. Reflux heating uses a hot plate and an oil bath.
Homogeneous catalyst (NaOH);
Initially, a three necks flask (25 cm^) was filled with 16 cm  ^ refined sunflower oil. 
Then, a measured amount of methanolic NaOH (prepared by dissolving NaOH 
(catalyst, 1% weight of oil) in 4 cn7 methanol) was added to the reactor. The reaction 
was immersed in a 333K water bath and then magnetically stirred (600 rpm) for 60 
min. After the transestérification reaction, tlie solution was stored in a separate fumiel 
that allows the separation of the upper biodiesel phase and the lower glycerol phase. 
To ensure the complete removal of glycerol, concentrated H3PO4 (1.5 cn7 per Ig of 
NaOH) was added to neutralize the residual NaOH. The final pH was adjusted to 4 -5. 
and the product FAME was washed twice with water (2 cn7 per 1.5 cm^ of biodiesel).
Heterogeneous catalysts (CaO treated with (NHAiCO^I:
For the heterogeneous catalysts, the method of preparation is the same, but the 
transestérification time scale was expected to depend on the catalyst basicity (i.e. 
normally it would be expected to take longer than a homogeneous catalyst (about 3h). 
The catalyst, however, was easily separated using a centrifuge. The biodiesel 
production still needed to be purified in order to remove the remaining cations from 
the catalyst, but water washing was not suitable with such a catalyst.
Concerning tiansesterification with methanol using solid base catalyst (CaO, CaO 
(006), CaO (012), CaO (024) which are defined in Table 1-7), the abstraction of 
proton from methanol by the basic sites to form methoxide anion is the first step of 
the reaction. The methoxide anion attacks the carbonyl carbon in the triglyceride, 
which leads to formation of the alkoxycarbonyl intermediate. Then the 
alkoxycarbonyl intermediate divides into two molecules: FAME and anion of 
diglyceride. Fig. 1-14 illustrates a mechanism on the catalyzed transestérification using 
CaO as the solid base.^ ®
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Table 1-7. Designation of CaO based catalysts
Number Name Description
1 C-CaO Commercial product fr om Aldrich
2 CaO (006) Commercial CaO immersed in 20cm"* 0.06g/ cnf 
(NH4)2 C0 3 , dried and calcined at 1173K
3 CaO (012) Commercial CaO immersed in 20 cm"* 0.12g/ cm  ^
(NH4)2C0 3 , dried and calcined at 1173K
4 CaO (024) Commercial CaO immersed in 20 cm"* 0.24g/ cm  ^
(NH4)2 C0 3 , dried and calcined at 1173K
5 CaO
(012)/C(3/7)
CaO (012) prepared with Mast Carbon with mass 
ratio of 3/7
6 CaO
(012)/C(5/5)
CaO (012) prepared with Mast Carbon with mass 
ratio of 5/5
7 CaO
(012)/C(7/3)
CaO (012) prepared with Mast Carbon with mass 
ratio of 7/3
1.2.2.1.2 Microwave Heating
Recently the use of controlled microwave to produce BD has been developed.''® Using 
this apparatus it is feasible to perform reactions quickly, efficiently and safely because 
microwaves can supply more efficient heating than conventional heating in a shorter 
time scale. Most publications used scientific microwave apparatus and domestic 
microwaves were hardly used. It is also possible to use a domestic microwave because 
the preparation of BD fr om TGs and methanol is a simple reaction rather than a more 
complex reaction. The author wanted to see whether BD could be prepared with 
NaOH and CaO using a domestic microwave.
For ease of operation, the NaOH was predissolved in methanol in a reactor which was 
covered with microwave film prior to the reaction. Power levels (600W, 800W and 
lOOOW) and times (< 60s) were selected to start the experiment. The apparatus was a 
Panasonic inventor NN-A245M domestic microwave. The samples studied for the 
biodiesel production are shown in Table 1-7:
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1.2.2,2 Biodiesel Analysis
*H NMR;
The first report on a specti'oscopic to determinate the rate of the transestérification 
reaction was *H NMR7^ Biodiesel (FAME) was dissolved with CDCI3 in a 5mm i.d. 
NMR tube. The signals due to methylene protons adjacent to the ester group in 
triglycerides appear at 2.3 ppm and after the reaction the methoxy protons of the 
methyl esters appear at 3.7 ppm (Fig. 1-15). Therefore, it is feasible to use the areas of 
these signals to monitor the oil conversion during transestérification. A simple 
equation is given:
C=100X (2A me/3 A ch2) (Eq. 1-5) 
where C is the percentage of triglycerides conversion to FAME (biodiesel), A me is the 
integration value of the protons of the methyl esters, and Ach2 is the integration value 
of methylene protons.
— 0-CH2 
— O — C H
C H 3 — ( C H 2 ) x— ( C H = C H - C H 2 ) y — ( C H 2 ) z— C H 2 — C - O - C H 2
2.3  O  4 . 1- 4 .4
C H 3 — ( C H 2 ) x— ( C H = C H - C H 2 ) y — ( C H 2 ) z — C H 2 — C - O - C H 3
2.3  O  3.7
Fig. 1-15 Assignment of chemical shifts of protons in ti ansesterification reaction^®
*H NMR spectra were recorded on a DRX-500 spectrometer operating at 500MHz. *H 
NMR were obtained under the following conditions: 65536 data points; pulse width 
6.05ps (30°) and 32 scans. The *H NMR spectrum was calibrated by a commercial 
sample of known % FAME (95%, supplied by Buddy. Ltd). Each sample was 
analysed three times and averaged to obtain the oil conversion to FAME number.
GC/MS;
There are various methods for identifying the fatty acid methyl ester (FAME); for 
example the EN -  14103 standard method is used to verify the ester content of FAME 
based on GC methods^*. Additionally, GC/MS is also another usef.1l technique to
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determine their compositions and has been used by other authors^^’^ ’^^ "*. In this study, 
GC/MS was chosen to determine the biodiesel products.
Methyl esters are simple long chain aliphatic molecules which differ by their length 
and degree of saturation. Both of these can be observed by mass spectrometry, where 
the parent ion is the RMM of the molecule with only a charge removed. Therefore the 
RMM can normally be obtained.
Generally FAME’S structure can be represented as in Fig. 1-16. It can be assumed that 
there are three parts (1, 2 and 3) of which the FAME is composed, where part 1 
represents methyl ester, part 2 is carbon chain and part 3 is the methyl group (CH3 , 
rn/z=15). Most FAMEs have the same part 1 and part 3, but there are differences on 
part 2  such as the variable carbon chains and degree of saturation.
H H H H H H H H H H H H H  I I I I I I I I I I I I Ic—c—c—c—c—c—c—c—c—c—c—c—c-I I I I I I I I I I I I IH H H H H H H H H H H H H
G—C—CH3
3 2 1
Fig. 1-16 Schematic representation of a straight chain palmitic acid methyl ester
(16:0)85
In MS, a particular structure will fragment in a predictable mamier and this could 
include rearrangements of ions dm ing analysis. Pait 1 has the latter feature, and this is 
called the Mclafferty reaiTangement (see Figl-17).^^ As a result, the mass of part 2 
can be deduced out in Eq. 1-6.
C Ç H - ( C H 2 ) „ C H 3  
C H 2O — CHf
reanangement O -H  ICH2 -3bondcleavage
m/z= 74
Fig. 1-17 Schematic representation of Mclafferty rearrangement,86
Mass of part 2 = (Parent ion + 1) -  74 -15 (Eq. 1 -6 )
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Homologous series of saturated and unsaturated chains and their molecular weights 
(MW) are displayed in Table 1-8. Since methyl esters are aliphatic it is expected that 
when fragmented they will produce a homologous series of peaks differing by m/z 14 
(CH2 , see each column), hi addition, from each row it is clear that the mass of mono, 
di and tri -  unsaturated species are different from saturated by 2, 4 and 6 . 
Consequently, the carbon chain of part 2 can be calculated. Furthermore the total 
number of carbon chain (n) and degree of saturation are expressed in Eq. 1-7, 1-8, 1-9 
and 1-10. The author also researched a computer program with language of C to help 
the calculations (software code is in Appendix -5 and program is attached on a CD).
Table 1-8 Expected homologous series of saturated and unsaturated chains and MW
n Saturated
CnH2n+2
Mono-unsatuiated
C A n
Di-unsaturated
CnH2n-2
Tri-unsaturated
C|iH2n-4
3 44 42 40 38
4 58 56 54 52
5 72 70 6 8 6 6
6 8 6 84 82 80
7 1 0 0 98 96 94
8 114 1 1 2 1 1 0 108
n =  [Eq. (l-4)/14 ] +2 satmated (Eq. 1-7)
1 1 = [(Eq.(l-4)+2)/14] +2 mono-unsatmated (Eq. 1-8)
1 1 -  [(Eq. (1-4)4- 4)/14] +2 di-unsaturated (Eq. 1-9)
1 1 = [(Eq.(l-4)+6)/14] +2 tri-unsaturated (Eq. 1-10)
The GC/MS analyses were conducted on samples diluted (v/v 1:10) in methanol.
The gas chromatograph (GC) used was a HP 6890+ GCD series connected to an 
electron impact ionisation mode mass spectrometer (MS). The operating conditions 
followed as below:
i) Column: RTX-5ms capillary column (Restek, fused silica), 15 m x 0.25 mm 
diameter, 0.25 pm stationary phase film thickness. This colunm is generally 
used for drugs, solvent impurities, hydrocarbon, and oils.
ii) Mobile phase: helium, 1 cm  ^miiT*
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iii) Oven temperature programme; 308K (hold 5min) to 523K (5 K min % hold 2
min)/"^
iv) Sample injection: split mode (10:1 split), temperature 523K
The other used conditions were^ *^ : HP-6890/MSD-5973 GC/MS system, 5% 
diphenylpolydimethylsiloxane AT-5 (25 mxO.25 mmxO.2 pm) column, split mode 
injection at 548K, 333K (hold 1 min) to 573K (6 K miiT% hold 10 min). The sample 
was dissolved in dichloromethane.
An atomic absorption spectrometer with acetylene flame (AAS, Perkin Elmer A 
Analyst 400) is used to measure the remaining Ca^  ^ ions concentration in biodiesel 
(acetylene flow rate 2500 cm  ^m in ' and air flow rate 10000 cm  ^m in').
TGA;
Thermogravimetric analysis (TGA) has been applied to produce infoiination on the 
volatility of the biodiesel since the volatility influences the ignition quality of the fuels 
in a compression ignition engine. The thermogravimetric (TG) thermogram was 
recorded on a TGAQ500 thermogravimetric analyser. The thermal analysis was 
conducted with about 1 0  mg of sample of biodiesel that was placed in a platinum pan 
and heated at 5K min ' ramp rate from 300K and 723K in 50 cm  ^min"' N2 pure gas.^  ^
A separate blank run was conducted using the empty pan under identical conditions, 
and the data were used for baseline correction during the evaluation of the sample 
theiinogravimetric analysis (TGA) profiles. The same method has been used by 
others.^^’^ "
Comments on Methods of BD Analysis
The %FAME in this study was measured by 'H NMR and calculated using Eq.1-5 in 
this study. However, different equations have been reported by others^' that may also 
be used to work out %FAME using NMR. The accuracy of NMR analysis has been 
considered in section 1.3.2.1 and the errors for %FAME have been controlled to 
within 0.5%. The GC/MS was calibrated by palmitic acid (16:0) / methanol 
(v/v=l/10). The AAS instmment was calibrated with solutions containing 1 ppm, 5 
ppm, 10 ppm and 20 ppm Ca(acac)2 . The TGA was calibrated by the company before 
the tests were undertaken. The TGA errors were within 0.05 mg.
32
1.3 Results and Discussion
1.3.1 Characterization of Cataiysts
All current CaO - based catalysts needed to be characterized by TEM, SEM, EDX, 
XRD, FTIR, DLS and BET in order to understand their surfaces and structures.
1.3.1.1 Surface and Structural Characterization of CaO
1.3.1.1.1 Surface Analysis by SEM
An SEM of commercial CaO is given in Fig. 1-18, revealing a glassy surface; 
however, this glassy structure is lost and became rougher when the commercial CaO 
was treated with (NH4)2C0 3  and then calcined at 1173K. CaO immersed with 
(NH4 )2C0 3  solution resulted in the formation of CaC0 3 . The CaC0 3  decomposed at 
1123K and produced CaO that had defects in its crystal structure.SEM  of Mast 
Carbon (C) (Fig. 1-19 d) shows the smooth surface of a blank carbon surface (d), 
while Fig. 1-19 a -  c show CaO particles on the external surface of the carbon support. 
The CaO coating appeared to be about 70% (weight); one particle cut in half proved 
that the CaO was settled on the external surface.
-.-îr
commercial CaO CaO (006)
m m m mHi
CaO (012) CaO (024)
Fig. 1-18 SEM of CaO and treated CaO
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(a-l)SEM  ofCaO/C (3/7) Location of C in area shown in a-1
Location of Ca in area shown in a-1 Location of O in area shown in a-1
Fig.1-19 a
• -.-‘K  ...
(b-1) SEM of Ca/C (5/5) particle Location of C in area shown in b-1
Location of Ca in area shown in b-1 Location of O in area shown in b-1
Fig.1-19 b
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H ■
(c-l)SEM  ofCaO/C (7/3) Location of C in area shown in c-1
■ ■
Location of Ca in area shown in c-1 Location of 0  in area shown in c-1
Fig.1-19 c
Location of C(d-1) SEM of blank C
Fig.1-19 d
Fig.1-19 SEM of (a) Mast carbon sphere to which CaO has been introduced CaO (012) 
with mass ratio 3 /7  and an indication of the location of C, Ca and O; (b) Mast carbon 
sphere combined with CaO (012) with mass ratio 5 /5  and an indication of the 
location of C, Ca and O; (c) Mast sphere carbon combined with CaO (012) with mass 
ratio 7 /3  and an indication of the location of C, Ca and O; (d) blank Mast carbon
sphere and location of C.
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1.3.1.1.2 XRD and FTIR
The powder XRD pattern, in the high angle region, of C-CaO is shown in Fig. 1-20. 
There are five peaks that can be identified from 20° to 70° in C-CaO, where peaks 1, 2, 
3, 4 and 5 are at 20= 32°, 37°, 54°, 64.2° and 67.5° respectively. Its structure was 
referenced as cubic CaO. The Miller indices (hkl) for five peaks are 111, 200, 220, 
311 and 2 2 2  which is consistent with the reference material.
2 9 * 0  - I  
2000 
1 50 0 
1 00  0 
SO 0 
0
200
111
220
3 1 1 2 2 2
Fig. 1-20 XRD patterns of C-CaO (commercial-CaO)
Fig. 1-21 shows the XRD patterns of CaO immersed with different concentrations of 
(NH4)2 C0 3  and calcined at 1173K. It can be seen that the intensity of those five (1 -5) 
peaks become significantly weaker than those detected for C - CaO (see Fig. 1-21 (a)) 
which suggest that more crystal defects exist in the treated CaO samples (i.e. CaO 
(024)).^^ As mentioned in the section of 1.3.1.1.1, calciimi carbonate decomposed at 
1123K and produced calcium oxide that had many defects in its crystal structure. The 
defects favoured the formation of calcium methoxide which is a surface intermediate 
used in transestérification.^^ Also in Fig. 1-21 (a), the CaO (024) without calcination 
displayed the different peaks which are typical in Ca(0 H)2  XRD patterns;^® the CaO 
reacted with H2O in the aqueous (NH4)2C0 3  solution to form Ca(OH)2 . This result 
indicated that the calcination is essential for the preparation of basic CaO catalyst. As 
the (NH4)2 C0 3  concentration increased, weak XRD peaks (see Fig.l- 20(b)) appeared 
at 20= 18°, 29°, 35°, 47° and 52° in the X-ray profile of CaO (024) which indicates 
that calcium carbonate (CaC0 3 , calcite structure) is present. CaCOs has also 
reported to be suitable for using as a heterogeneous catalyst to produce biodiesel.^^ 
The Miller indices (likl) also indicated the presence of CaCOs (see Fig. 1-20 (b)). hi 
addition, it would be better to operate XRD after each tiansesterification. However, 
the small amoimt of catalysts used for tlie reaction (0.13g) for this.
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(b)
Fig 1-21 XRD patterns of CaO immersed with different concentrations of (NH4)2C0 3
and calcined at 1173K for Ih
The infrared spectra of C-CaO, CaO (012) and CaO (024) witli methanol (ratio as in 
Table 1 - 6 )  are shown in Fig. 1-22. It is clear tliat absorption bands appeared at 1376, 
1457, 2851, 2922 and 3638 cm"' for all samples. The detected band at 3638 cm"' can 
be assigned to the OH group present: 1) at the surface of the CaO solid because the 
samples inevitably make contact with air and hydration of CaO is very rapid;^^ 2 ) 
OH" is from methanol. The OH" extracts H^ from methanol to generate metlioxide 
anion which is strongly basic and has high catalytic activity in tiansesterification.""' 
The features at 2800 — 3000cm"' and 1460cm"' indicated as the C-H stretching and C- 
H alkane bands."" The band at 877 cm"' observed in the FTIR of CaO (024) (Fig. 1- 
22 c), corresponds to a vibration mode of cai'bonate.'"^ This corroborates XRD data 
(see Fig. 1-21(b)) which indicates some CaC0 3  in the presence of CaO (024). The 
band at 1376 cm"' which is referenced for methoxide anions'"^, the intensity increased 
with (NH4)2 C0 3  treatment.
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(c) CaO (024)
Fig. 1-22 FTIR spectra of different CaO samples
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1.3.1.1.3 BET Surface Area and Average Particle Size
The result of nitrogen adsorption (Table 1-9) indicated that BET surface area showed 
that C-CaO has the smallest surface area (1.2 m  ^ g"*) which is essentially below the 
limit of analysis on the instrument. It is close to that for CaO samples treated with 
(NH4)2 C0 3  and calcined at 1173K. Moreover, some authors had reported the calcined 
CaO BET surface areas ranging from 1 -  13m  ^ g-i 104,105 catalysts treated with 
different (NH4)2 C0 3  concentrations did not change significantly ranging from 6.5 -
7.3 m^ g '. Therefore catalytic activity differences were not caused by major changes 
in the specific surface area.^ *^  The required catalytic sites can be built on the catalytic 
surface, therefore the enlargement of catalytic surface area may result in the increase 
of the active sites, which are helpful during the transestérification. The N2 BET 
isothemis at 77K are presented in Appendix-1.
Table -9 Properties of CaO samples used as solid base catalyst
Samples BET surface 
area 
(m 'g-‘)
^articles size (nm'
DLS XRDLB BET
CaO 1.2 144+ 1 100 ± 2 .8 -  
377 ±3.3
359 ±2.1
CaO'"" 1.5 ___________________— ----- -------------
CaO'"^
CaO'"^
5
13
Mean diameter = 372 nm
Ca0(006) 6.6 146 ± 1.5 1 10± 2 .0 - 
484 ± 4.2
272 ±1,4
CaO(012) 7.3 148 ± 1 104± 1 .6- 
476 ± 3.8
246 ± 1.7
CaO(024) 7.5 160 ± 2 90± 1 .2 - 
342 ± 2.7
239 ± 1.5
CaO(012)/C=7/3 338.1 _______—----------------' '
CaO(012)/C-l/l 224.1 _______ ______________ — ------
CaO(012)/C=3/7 167.3 ______________________ "
Dynamic light scattering (DLS) suggested that similar particle sizes for all samples 
were similar (140 -  160 imi). This means that the treatment with (NH4)2 C0 3  did not 
change the particle size significantly. Previously, the author presented the XRD line
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broadenings as a result of particle sizes that can be calculated in terms of Scherrer 
equation. The results yield particle size ranges from 100 -  500 nm for all samples. 
The average particle size calculated from specific surface area measurements showed 
greater diameters than DLS measurement for all CaO samples. Samples for DLS were 
prepared using a < 2 2 0 nm filter which removed larger particles and hence sizes 
determined using DLS were smaller than found using S b e t .
1.3.1.2 Basic strength of CaO
The strength of the basic sites in the CaO and treated CaO samples were analyzed 
using indicator methods (see 1.2.1.2). As shown in Table 1-10, the sample C-CaO 
was found to possess H_ values in the range 15.0 -  18.4 (agreement with ref 97), 
while the C-CaO (006), C-CaO (012) and C-CaO (024) were more basic, as evidenced 
by their ability to effect colour changes with indicators. C-CaO (024) was confirmed 
with the strongest basic site which is closer to super base (H_> 26). Therefore the 
treated CaO samples became stronger bases when the (NH4)2 C0 3  concentration was 
increased during synthesis.
CO2 TPD measurements were also performed for the assessment of basic site strength. 
Fig. 1-23 shows the CO2 desoiption profiles for CaO samples. Among these samples, 
the CaO peak temperature appeared at 945K which is veiy close to other reports 
(928K'"’ and 933K^"^). In addition, as reported by literature, higher peak temperatures 
is related to the stronger basic sites. By increasing the amount of (NH4)2C0 3  
concentrations on the catalysts, the Tmax desorption temperature shifted towards 
higher temperatures and consequently, the basic strength of the catalysts reduced in 
order: CaO (024) > CaO (012)> CaO (006)> CaO. Table 1-10 also shows the total 
desorbed CO2 amount by area unity of each catalyst, which is related to the basic site 
density in each catalyst. ^ "^Among the samples in Table 1-10, CaO showed highest 
normalized basic site density which is related to its small S b e t -  The modified CaO 
catalysts (006, 0 1 2  and 024) have the similar S b e t  values, the basic sites densities will 
be decided by the basic strength. Hence, the basic site density of CaO catalysts 
reduced in the order: CaO>CaO (024) > CaO (012) >CaO (006).
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Table 1-10 Results of CO2 TPD measurements and base strengths
Sample Base
strength
(HJ*
Normalized 
curve area 
Ssample/ScaO
Normalized 
basic sites 
density* 
(pmolC0 2 / 
/m^)
Peak
Temperature
(K)
Temperature
Range
(K)
CaO 15.0<H_<
18.4
1 2.27 ±0.01 945 ± 0.8 885-958
CaO (006) 18.40<H_<
22.3
1.05 1.59 ±0.02 954 ± 1.4 923-963
CaO (012) 18.40<H_<
22.3
1.28 1.75 ±0.01 965 ± 1.0 947-987
CaO (024) 22.3< H_< 
26.5
1.43 1.91 ±0.01 1013 ±1.6 999-1023
* Measurer by indicator method
** assuming the Scao means 1 nmol desorbed CO2 ; this is because the CO2 TPD 
calibration was suspended by the instmment failure. The surface area is S b e t -
g
I
§I
•cominc-icial CùO
0» j ■CaOjoM)
J
(0) (O) 1(0) ‘0:0 KO » ]  Ml SSO IK Ù  lOM
Temperatur©(K)
Fig. 1-23 Temperature -  programmed desoiption profiles of CaO and treated CaO
samples
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1.3.2 Characterization of Biodiesel
1.3.2.1 H NM R Study on Transestérification
The use of NMR to monitor product distribution in the transestérification reactions 
has played an increasing role during the last ten years. The use of IH NMR is 
convenient and fast when monitoring a reaction; it also provides quantitative 
information pertaining to the chemical species present in the reaction.
For triglycerides, protons on acyl groups (fomiula with ^ C ) resonate at 0.8 -  
2.9 ppm, while HI, H3 and H2 (Fig. 1-24), which are the protons attached to glycerol 
carbons, appear downfield at 4.1 -  4.2 and 5.25 ppm respectively (see Fig. 1-24).
Fig. 1-25 presents *H NMR spectra of sunflower oil and FAME products at different 
reaction times. It is interesting to note that the presence of polyunsaturated fatty acid 
can be readily detected by the appearance of a resonance at 2.72 ppm from the 
methylene group between two double bonds of a polyunsaturated fatty acid chain. 
During the ti’ansesterification, HI, H2 and H3 shift toward a higher field due to the 
loss of the high electron density of the acyl group, while the protons on the acyl group 
could not shift.
Compared to the spectra of sunflower oil before transestérification and aftei*wards, the 
major differences are the disappearance of the glyceride protons (HI, H2 and H3) at 
4.1 -  4.2 ppm, until they have vanished completely (Fig. 1-25 d) and the intensified 
appearance of the methyl ester protons at 3.67 ppm (Fig. 1-25 b, c and d) during the 
transestérification reaction. The large signal at 3.4 ppm was from the methanol (i.e. 
excess methanol was present to promote the reversible reaction). Eventually, the oil 
conversion to FAME is achieved by comparing the integration of the resonance signal 
from the methylene proton in the oil to the methyl ester protons in the product using 
the Eq.1-5 (section in 1.2.2.2). Other literature reports suggest that the oil conversion 
to FAME can be calculated using the integrations of glyceride (TAG) (4.22 -  4.42 
ppm) and methyl ester (3.6 ppm):^'
C—100 X (4xAme)/( 4xAme + 9xAtag) (Eq. 1—11)
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where A m e  is the integration value of the methyl ester peak, A t a g  is the integration 
value of the glyceride peaks in the triglyceride (TAG) of the vegetable oil and C is the 
FAME conversion. However, E q .(l-ll) has a disadvantage in that it is not good for a 
high FAME conversion sample. For example, in Fig. 1-24 (c), the oil conversion to 
FAME obtained was 82% and 80% using Eq.(l-5) and (1-11) respectively; these are 
quite close. But in Fig. 1-24 (d), the FAME conversion obtained by Eq.(l-5) and (1-11) 
were 98% and 100%. In fact, 100% conversion is impossible because the 
transestérification is a reversible reaction.^ Therefore, the Eq.(l-5) was used in all 
subsequent studies here.
H, 4 21ppm 2 ,3 lppm 0 .9 9 ppm
CH2 0 2 CCH2 (CH2 )i3CH3 pahAic chain
5.25ppm 5.31 ppm
H2 -<— CH0 2 CCH2 (CH2 )5 CH2 CH=CHCH2 (CH2 )sCH2CH3 oleic chain
4.21 ppm 2.03ppm 2.72ppm
CH2 0 2 CCH2 (CH2 )5 CH2 CH=CHCH2 CH=CHCH2 (CH2)2 CH2 CH3 linoleic chain
Fig. 1-24 Usefal ^HNMR assigmiients in the CDCI3 for triglyceride sunflower oil, 
containing the three most prominent fatty acid chains as examples^
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1.3.2.2 Transestérification Performances
1.3.2.2.1 Homogeneous and Heterogeneous Catalysts Activity
In this study, sodium hydroxide (NaOH) and calcium oxide (CaO) were chosen as the 
example homogeneous and heterogeneous catalysts. The activity of a catalyst in 
transestérification is the key factor that can influence the reaction rate, reaction order 
and extent of conversion to FAME. The initial experimental conditions were; reaction 
temperature 333K, stirring rate 600 ipm, 1% by mass catalyst loading, 
methanol/sunflower oil ratio of 9 : 1 and 3 h reaction time (see Table 1-6). The oil 
conversion to FAME was calculated from NMR spectra (see section 1.2.2,2). As 
previously pointed out, a thennal treatment at 1173K is necessary to convert CaCOa 
into CaO. Data comparing NaOH to CaO-based catalysts are shown in Fig. 1-26 and 
Table 1-11.
0.8
LU
0.6 —■— NaOH 
“ D— CaO (006) 
-A —CaO (012) 
—’Sr— CaO (024)
co
0.4coO
O 0.2
0.0
0 20 40 60 10080
Time (min)
Fig. 1-26 Oil conversions to FAME of different CaO based catalysts at 333K
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Table 1-11 Transestérification of catalysts with reaction time at 333K
Samples Oil Conversion (%)
15min 30min 60min 90min 1 2 0 min 180min
NaOH 57 82 98 98
CaO (006) 1 8 15 63 8 8 95.24
CaO (012) 4.34 13.2 23.8 79.5 92.1 95.24
CaO (024) 5.4 16.2 38.1 89.7 95.24 97
#CaO*** 3 8 18 30 50
*CaO (012)^^ -----— -----------" 8 8 92 96
# Soybean oil; 1:6 oihmethanol; 1% catalyst dosage; 338K
* Jatropa encras oil (JOC); 1:9 oil: methanol; 1.5% catalyst dosage; 343K
Michel Boudait (in 1968) proposed the use of turnover frequency (TOP) (see Eq.1-12) 
as an excellent way for comparing catalysts, where r is reaction rate (mol IT^ ) and n is 
mol of catalysts have been used for the reaction. This measure has become 
fundamental for the study of catalytic reactions, especially for metal catalysts.*The 
calculation is explained in detail in Appendix -2.
r
n = T O F  (Eq.1-12)
Results in Tablel-11 show the conversion to FAME exceeded 95% for all catalysts, 
NaOH produced 98% conversion in < 1 houi' and was much quicker than the 
heterogeneous catalysts. This can be explained as follows: in tlie homogeneous 
system when the NaOH catalyst was loaded to the reactor with methanol, small 
bubbles were formed (methanol was vaporized and formed a large number of bubbles) 
and the transestérification took place on the interface of the reactants. In the 
heterogeneous system, however, the reactants were separated in two different phases, 
which retarded the reaction rate. * * * Hence, the higher activity surface (i.e. 
homogeneous catalyst) can improve the transestérification. Fig. 1-26 provids a clear 
tluee dimensional representation of the conversions. In the presence of CaO (024), 
the yield of FAME catalysts was around 90% at 90 min and CaO (006) took the 
longest time (over 120min) to gain the same FAME yield. This is due to the 
difference in basic strength (results bom the level of (NH4)2 C0 3  treatment). It is also 
clear to see that in all cases there is an acceleration time range that differs from one 
catalyst to another one. This induction period for CaO (006) was 80-120 min
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(conversion rose from 20% to 8 8 %). However, when CaO (024) was used, this was 
shorter (40-80 min). Comparison with a previous the case of soybean oif^ shows that 
used untreated CaO gave poorer catalytic perfonnances under similar conditions. In 
case of a JOC oil^  ^ study the CaO used (treated with same level of (NH4)2 C0 3 ) 
performed better than CaO (012), but using a higher reaction temperature (373K). 
CaO (024) performed comparably but at lower temperature (333K). Hence it was 
concluded that increasing the (NH4)2C0 3  concentrations during synthesis improves 
the catalytic activity. The turnover frequencies (TOP) at 30 min are shown in Table 1- 
12; these also show that NaOH perfomied best. The CaO (024) showed higher 
reaction activity amongst the CaO-based catalysts.
Table 1-12 Activity values (TOP) for various catalyst
Catalyst Apparent TOF30min (mol h * molcat'*)
NaOH 6.35 ±0.012
NaOH" 27.5**''
CaO (006) 2.5 ±0.01
CaO (012) 2 . 8  ± 0 . 0 1
CaO (024) 3.3 ±0.015
*: 1:6 soybean oil to ethanol molar ratio, 353K and Ih
1.3.2.2.2 Cation Removal from Synthesized Biodiesel (BD)
When a basic catalyst is used to prepare biodiesel, residual cations remain in the 
products. To remove these from biodiesel, an acidic aqueous solution treatment is 
usually adopted. For example, in this study aqueous H3PO4 was used to remove 
remaining NaOH. However, water washing (more popularly used) was also evaluated. 
On analyzing the effect of water washing methods, previous conclusions have been 
diawn^^: (i) A large amount of water is needed and a ratio of oil to water must be 2:1 
-5:1 (which inevitably produces a great deal of polluted water), (ii) A large amount of 
the product is lost (yields of biodiesel of about 70%). When water was used with CaO 
-carbon to wash away the cation impurities, the biodiesel did not survive (the 
biodiesel became a white emulsion or gel). This is because the remaining Ca^ "^  cair 
react witlr H2O to form Ca(OH) 2  as a solid sedimerrt. Therefore the common water 
washirrg method is not suitable for CaO based catalysts, although it is relevant to
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NaOH. Strategies for purifying as-synthesized biodiesel with CaO based catalysts 
have involved two approaches: (i) employ complexing agents (such as citric acid, 
oxalic acid or EDTA^ *") (ii) combining CaO with a support (i.e. carbon or A^Oa**^) in 
order to increase particle sizes and reduce the opportunity of CaO dissolving in 
solution.
In this study, CaO (012)-catalyst was loaded onto Mast carbon spheres (CaO/C) with 
mass ratios of 3/7, 1/1 and 7/3. The reaction conditions were followed as detailed 
above. The CaO (012) catalyst loading was kept constant at 1% of oil weight, but 
different levels of carbon were used, although particle sizes did change between the 
samples. The study of the catalytic performance of CaO/C catalysts as a function of 
the CaO loading was undertaken and results are given in Fig. 1-27.
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Fig. 1-27 Oil conversion to FAME obtained by CaO/C with different CaO loading at
333K
Fig. 1-27 reveals that loading CaO onto the surface of carbon spheres does not 
improve the transestérification activity. This fact could be explained by the formation 
of larger CaO particles on the carbon, without increasing the surface of the active 
phase aeeessible to reactants (the active surface area was only lost slightly when the 
CaO loading increased, possible by the surface overlap).
After the transestérification reaction was completely finished (after 3h), the product 
biodiesel was analysed by flame atomic absorption spectrometry (AAS) to determine
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the residual Ca^' '^conceiitration according to ASTM method (D5863 — 00a). The 
results are listed in Table 1-13.
Catalysts Remaining Ca^^ (ppm) wt% of Ca^  ^removed to 
BD
CaO (012) 1200 ±150 89.3 ± 1.5
CaO (012)/C=7/3 943± 100 91.6±1.0
CaO (012)/C=1/1 500 ± 50 95.6 ±0.7
CaO (012)/C=3/7 193 ±30 98.2 ±0.5
The CaO (012) catalyzed biodiesel contained 1200 ppm of Ca^ .^ ha contrast CaO/C 
catalyst left less Ca^  ^in the biodiesel (although there is less biodiesel produced). The 
CaO/C=3/7 is helpful to remove nearly 98% Ca^  ^ taken out of the biodiesel. Thus it 
can be suggested that lower CaO loadings produce stronger CaO-carbon bonding 
which leads to less CaO being lost. Dissolution of the CaO dissolved was not fully 
eliminated by using CaO/C; therefore, the water washing is still very important to 
pui'ify the biodiesel. If Ca^  ^level can be controlled < 200ppm, when the biodiesel is 
used in a diesel engine it will contribute towards reducing SO2 and diesel particle
emissions. 116
1.3.2.2.3 Biodiesel Synthesis Using Microwave
Microwave heating is more efficient than conventional thermal heating and thus could 
offer a useful way to prepare biodiesel at a faster rate.^’  ^It may be feasible to take 
advantage of the acceleration seen in microwave—promoted chemistry to reduce the 
time for biodiesel production. All reactions were performed with methanol (4 cm^), 
sunflower oil (16 cnf) and catalysts (0.13 g). Our investigations started by using 
NaOH and CaO (024) as catalysts because those were good model homogeneous and 
heterogeneous catalysts. The perfonnances are summarised in Table 1-14.
Table 1-14 Oil conversion to FAME obtained using NaOH and CaO (024)
Catalyst
Oil conversion (%) with lOOOW
10 s 20 s 30 s 40 s 50 s
NaOH 74 ± 2.0 82.1 ± 1.5 91 ±1.0 96 ± 0.5 96 ±0.5
CaO (024) 0 0 1.5 ± 0.5 3 ± 0.5 3.8 ±0.5
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Table 1-14 shows that a yield of FAME of > 90% was achieved with 30 s of reaction 
time when using NaOH. On the other hand the CaO based catalyst presented very low 
activity. An explanation is that in a heterogeneous system, the catalyst and solution 
were in two phases and this retarded the reaction. Also it can be explained by 
activation energy (see section 1.3.2.3). The author’s results were consistent with the 
others (resulted in Table 1-15). In addition, there have been no reports in the literature 
that use CaO catalysts in transestérification reactions by microwave.
The author now looked at the effects of microwave power level to yield FAME (see 
Fig. 1-28). All three power levels gave yields of FAME of > 90% at 50 s reaction time, 
high conversion at 92 ± 0.73%, 94 ± 0.5% and 96 ± 0.5% at 600W, 800W and lOOOW 
respectively (temperatures reached 363K for lOOOW at 50s and only 34IK for 600W). 
Therefore, it can be concluded that the domestic microwave can produce biodiesel in 
a very short times (<1 min) while it took nearly one hour to gain the same conversion 
to FAME using conventional convection heating. In the author’s opinion 600W 
microwave power is suitable to produce FAME; it has the advantage of low 
temperature (defined by methanol boiling point) and low energy consumption but 
high yields of FAME.
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Fig. 1-28 Oil conversion to FAME obtained by microwave using NaOH
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Table 1-15 Review of transesteri
oil alcohol oil/alcohol
molar
ratio
catalyst
(wt%
loading)
microwave 
and power 
(W)
time (s)/ 
temperature 
(K)
conversion
Sunflower Methanol 1:9 NaOH
(1)
1000 50/358 96
Sunflower Methanol 1:9 CaO (1) 1000 50/358 3.8
Triolein* Methanol 1:9 KOH
(1)
600 600/323 13
Coconut*'^ ethanol 1:9 NaOH
(1)
800 60/356 100
Rice bran* *** ethanol 1:9 NaOH
(1)
800 60/356 93.1
Vegetable^ ethanol 1:9 NaOH
(1)
1100 10/335
îcation by microwave
1.3.2.3 Kinetics o f Transestérification
The transestérification reaction is a reversible reaction and therefore, excess methanol 
is used to drive the reaction foi-ward. Eq. (1-13) shows the generalized 
transestérification reaction, where A is the triglyceride, B is the methanol, C is the 
FAME and D is the glycerol. The stoichiometric reaction can be expressed simply as 
below;
A+3B C+D (Eq. 1-13)
The general reaction rate equation at a certain temperature (T):
dCA
dt •=kCA“CBP (Eq. 1-14)
where -dCA/dt is the consumption of reactant A per unit time, k is a rate constant, Ca 
is the concentration of A after time t, Cb is the concentration of B after time t, a is the 
order of reactant A and p is the order of reactant B if the reaction is largely 
ineversible. Because C a =  C ao (1  -  X) and C b =  C ao ( 9 b  -  3X), as a result the Eq. ( 1 -  
14) can be written as:
dx
dt =kCAo'“*P-'’(l-X )”(eB-3X)' (Eq.1-15)
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where C ao and C bq is the initial concentration of A and B, X is conversion and 0 b  is 
the ratio of C bq to C ao which is 9  in the present study.
In this work, eight different cases were involved in order to gain the reaction order. 
These cases are (a=0 p=0), (a=l p=0), (a=0 p-1), (a=l P==l), (a=2 P=0), (a=0 p=2), 
(a=2 p=l) and (a=l P=2). For each case, definite integrals of Eq. (1-13) were 
calculated from conversion of X = 0 to a conversion X = X in the time scale t = 0 to t 
= t. The equations for each case was then transfeiTed into a linear equation passing 
through y =mx:
Case l(a=0 p=0): 
Case 2 (a=l p=0)
Case 3 (a=0 p=l) 
Case 4 ((x=l p=l)
Case 5 (a=2 p=0) 
Case 6 (a=0 p=2) 
Case 7 (a=2 P=l)
CAoX=kt (Eq. 1-16)
ln(— )=kt (Eq. 1-17)
1 -yv
In
(0B-3)
•In
(0B-3X)
(0B -3X )
(1-X )0B
=kt (Eq. 1-18)
=kCAot (Eq. 1-19)
X
(1-X)
X
( 0 b - 3 X ) 0 b
=kCAot (Eq. 1-20)
=kCAot (Eq. 1-21)
I X 3
( 0 8 - 3 )  ( 1 - X )  ( 0 8 - 3 )
■hi (0B-3X)(1-X)0B |=kC A ot (Eq. 1-22)
Case 8 (a=l p=2) 
1 3X 1
( 3 - 0 b )  ( 0 b - 3 X ) 0 b  ( 3 - 0 b)
In (1-X )0B(0B -3X ) =kCAo't (Eq. 1-23)
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From Eq. (1-16 - 1-23), if it is assumed that the left side component is an ordinate (y ) 
and t is for the abscissas (x), then all equations are in the linear fomi of y=mx. For all 
eight cases the variable y was plotted against the coiTesponding x and the coefficient 
of the determination was estimated. The slope of the line is the rate constant (k) for 
the reaction. The correlation coefficient for each case was measured and the 
highest correlation coefficient observed was used to determine the reaction order.
Based on this principle, Table 1-16 gives the Revalue for each of the eight cases for 
three of the catalysts (NaOH, CaO and CaO (012)/C (5/5)).
Table 1-16 The va ue of R  ^of all eight cases for each catalyst
\ .C ^ e s
Catalyàts^
1 2 3 4 5 6 7 8
NaOH 
CaO (012) 
CaO /C
0.9043
0.704
0.73
0.9871
0.9851
0.9593
0.9154
0.7244
0.9499
0.9561
0.9003
0.9505
0.9367
0.8913
0.8126
0.9254
0.7448
0.9477
0.9274
0.8853
0.796
0.9468
0.9137
0.9406
For each catalyst, the highest R  ^ value has been selected in bold. When NaOH was 
present, the reaction order based on case 2 where a=l and p=0, the total reaction order 
is 1. Likewise the CaO based transestérifications also showed tlie first order for 
transestérification according to case 2. These results were consistent with previously 
reported data under similar reaction conditions (see Table 1-18).*^^
Meanwhile, the rate constant (/c) can also be obtained from the slope of each suitable 
case plot. Furthermore, the Arrhenius equation (In/c = InA -  E ^ / R T  where k is rate 
constant, A is the frequency factor (min *), E g  is the activation energy (kJ moT*) and T  
is the temperature (K)) can be used. Hence, the activation energy ( E a )  can be 
deteiinined according to the slope ln(/c) plotted against 1 / T  (see Fig. 1 - 3 3 ) .
Data using both NaOH and CaO as the catalysts, based on the first order reaction 
kinetics were presented in Figs. 1-29, Fig. 1-31 and Table 1-17 at 308, 318, 328 and 
333K respectively. Linear fit data is presented in Fig. 1-30 and 32 where the R  ^value 
ranged between 0.946 and 0.97. The reaction rate firmly is clearly affected by the 
temperature changes (greater rate constants for higher temperatures). In addition, 
NaOH showed a better rate constant than CaO at each temperature.
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Table 1-17 Temperature dependence of rate of FAME formation and correlation
coefficient
T(K) NaOH CaO
Rate constant k 
(miiT*)
correlation 
coefficient (R^)
Rate constant k 
(min*)
correlation 
coefficient (R^)
308 0.0192 ± 
0.00003
0.971 0.005 ± 
0.00023
0.975
318 0.0264 ± 
0.00006
0.973 0.0094 ± 
0.0001
0.96
328 0.035 ± 
0.00012
0.946 0.0145 ± 
0.0002
0.963
333 0.043 ± 0.0002 0.957 0.025 ± 0.0003 0.978
Fig. 1-33 shows the Arrhenius plot used to obtain activation energies from the 
temperature dependence of the k. Activation energy ( E a )  values of 26.69 ± 0.94 kJ 
mol * were obtained for NaOH and 51.71 ± 1.6 kJ mol * for CaO for the thermal 
method (R  ^ is 0.9938 and 0.9776 respectively). The activation energy reflects the 
conversion of diglyceride to monoglyceride as the rate determining step in the 
multistep mechanism. *^  ^Hence, the rate of FAME produced by NaOH is faster than 
by CaO due to Eg differences. The influence of agitation speeds for the reaction rate 
were tested variable agitation speeds from 200 to 600rpm (above which this variable 
was found to have no further effect on the reaction rate).*^ '* NeveiHieless with CaO 
catalysts there could be diffusion limitations. For the preparation of FAME using the 
microwave method, the reaction rate is difficult to determine because the reaction 
temperatures varied with increasing time.
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Fig. 1-30 Rate constant was determined at various temperatures by NaOH
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Fig.1-31 Oil conversion to FAME by CaO (012) at various temperatures
4.0
3.5
3.0- — 30aK
-  318K
-  328K
— 333K
2,5-
A 2.0-
c
Û.5-
0,0
2000 4000 6000 8000 10000 12000
time (s)
Fig.1-32 Rate constant was determined at various temperatures by CaO (012)
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Fig. 1-3 3 Arrhenius plot of data presented in Table 1-17 to determine the activation 
energy for FAME formation using NaOH and CaO catalysts. Ea analysis was not 
possible with microwave heating.
1.3.3 Characterization of BD Product
1.3.3.1 Thermal Analysis
The thennal stability of oils can be important (i.e. in use as a hydi'aulic oil especially 
in high temperature applications). There are several methods available to evaluate 
thennal stability; TGA has been widely used to evaluate the evaporation and thermal 
decomposition of many types of materials such as polymers and oils^^^. Fig. 1-34 
shows a typical FAME TGA profile in flowing Ni. As reported p r e v i o u s l y t h e  
weight loss of oil in inert atmosphere can be divided into two stages, the evaporation 
of light volatiles (< 473K) and the subsequent thermal decomposition of unstable 
heavier components (< 623K). The changes in weight occmred from the breaking of 
the physical and chemical bonds at elevated temperatures.'^^ The sample’s 
themiogram shown in Fig. 1-33 consists of three phases. During the first phase, only a 
minimal weight change was observed in this induction period. The themiogram shows 
that the 1% weight loss of the pure sample occuired around 363K. Next a rapid 
weight ehange was observed in the second phase. The maximum degradation rate 
occurred at a temperature of about 507K. A slower continuing weight loss was fomid
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at higher temperatures until 623K, These three phases observations agreed with the 
literature."^
Table 1-19 summarized the temperatui e at 1% weight loss. Onset temperature defines 
the temperatuie at which a material begins to expand which can be used to indicate 
the resistance of the oil to thermal decomposition.'^^ The onset temperature for diesel 
volatilisation is significantly lower than for biodiesels (Table 1- 19). This shows that 
biodiesel is more resistant to thermal decomposition.'^^ It is clear that the BD (NaOH) 
and BD (CaO/C) had similar Ti values, but lower T99 value were noted for BD 
(NaOH). It is feasible that the % content of FAME and the presence of residual Ca^ "^  
ions played an important role during the thermal analysis. Washed BD (CaO/C) 
showed a similar T 9 9  values to unwashed BD (CaO/C), except tliat Ti was shifted 
from 355K to 393K after washing; the water removed impurities sueh as methanol 
(volatile species).
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Table 1-19 The effect on degradation temperature of various biodiesels
Samples
(o.ig)
FAME
percentage
(%)
Temperatuie 
at 1% 
weight loss 
T i ( K )
Onset
temperature
T o n ( K )
Second 
stage 
weight lost 
percentage 
(%)
Temperature 
at 99% 
weight loss
T 99(K )
Diesel 313 318 99 473
C-BD 94 384 373 81.74 723
BD (NaOH) 98 363 378 96.48 643
BD (CaO)» 96 382 373 90 723
BD
(CaO/C)**
96 355 376 95 706
Washed BD 
(CaO/C)
96 393 376 95.2 694
* CaO (012)
** CaO (012)/C (5/5)
Currently, several methods have been discussed in the literature that can be used to 
calculate the kinetic parameters for the thermal degradation of oil.'^^’^ ^^The rate of 
conversion, dx/dt, for the oil degradation is expressed by
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dx—  =kf(x)=k(l-x)“ (Eq. 1-24) dt
where n is the order of reaction, k  is the reaction rate constant and x is the extent of 
conversion (%), given by
W O -W tx=   (Eq. 1-25)
WO-Woo
where wo, Wt and w=o are the initial weight at time t and final weights, respectively.
Based on the themiograms, it was estimated that the reaction was first order, thus n=l 
*^ a^nd Eq.(l-24) becomes
dx— =k(l-x) (Eq. 1-26)
For the non isothermal case, the above equation can be further modified to
(Eq- 1-27)
where dT/dt is the heating rate p.
Using the Arrhenius relationship (In/c = InA -  E a / R T ) ,  the reaction rate constant k can 
be replaced in Eq.(l-25) to give:
dx A . -Ea --, ,— ^ e x p ( — )(l-x) (Eq. 1-28)
hi this study, the direct Arrhenius plot method was used to evaluate the kinetic 
parameters of the oil samples during their oxidative degradation can be reaiTanged 
Eq.(l-29).
In 1 dx ( 1 - x ) ^
- A  Ea
"p "r t
A plot ln((l/(l-x))*(dx/dt)) versus 1/T should give a straight line with slope - E a / R ,  
from which the activation energy, Ea can be calculated. The values of x and dx/dt 
were calculated using Origin 6.0 software. Fig. 1-35 presents the Arrhenius plot of 
volatilization of oil samples calculated by the Anhenius method. The Figure shows a 
linear relationship of ln(( 1/(1 -x))*(dx/dt)) versus 1/T for all oil samples.
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Fig. 1-35 Arrhenius plots for oil samples
Table 1-20 gives the calculated activation energy for each oil sample. The apparent 
activation energy of diesel volatilization was about 34.6 ± 0.8 kJ mol ' while that for 
the biodiesel samples was increased by 30-50 ± 0.6 kJ/mol. Based on the activation 
energies, the BD (NaOH) and BD (CaO/C) are superior than BD (CaO) and C-BD. 
The TG onset temperatures discussed earlier shows a similar pattern. Overall, the 
activation energy indicates that diesel can be ignited easily and combust completely at 
relative lower temperature, but biodiesel will not do so quite so readily. It means that 
if the biodiesel is going to be used to an unmodified diesel engine, it may cause 
incomplete combustion, and lead to energy wastage.
Table 1-20 Activation energy for oil samples
Oil samples Activation energy, Ea (kJ/mol)
Diesel 34.6±0.S
C-biodiesel 83.1±1.1
BD (NaOH) 68.5±0.7
BD (CaO)* 79.0±0.6
BD (CaO/C)** 64.8±0.5
* CaO (012)
**CaO (012)/C (5/5)
62
1.3.3.2 Biodiesel Composition
The fatty acid compositions of the four biodiesel samples (C-BD, BD(NaOH), BD 
(CaO) and BD (CaO/C) have been analysed by GC/MS. The results are presented in 
Table 1-21 and all GC/MS profiles are provided in Appendix 2.
Table 1-21 Fatty acid composition (wt %) of the biodiesel esters
Fatty acid (%) C-BD BD (NaOH) BD (CaO)* BD (CaO/C)**
C15:0 8.04 4.9 5.074 5
C17:0 0.0 34 22.5 33.5
C17:2 79.6 60 69 60
C19:0 7.831 0.425 0.484 0.394
C19:l 3.065 0.0 1.174 0.0
C21:0 0.828 0.554 0.574 0.532
C21:l 0.476 0.0 0.0 0.0
C22:0 0.042 0.0 0.0 0.0
C23:0 0.102 0.173 0.191 0.181
Total saturated 16 40 28.5 38.5
Total
unsaturated
84 60 71.5 61.5
* CaO (012); CaO (012)/C (5/5)
A total of nine fatty acids were found by GC/MS. As expected, similar fatty acid 
compositions were observed in tlie BD (NaOH), BD (CaO) and BD (CaO/C) 
originating from the same vegetable oil source. The dominant fatty acid in all samples 
is heptadecadienoic acid (17:2) (accounts for 80% of commercial biodiesel) and was 
averaging at 65% in laboratory - made biodiesel. The commercial biodiesel had the 
highest unsaturated fatty acid content (about 84%); lab made biodiesels had a range 
from 70% (BD (CaO) to about 60% (BD (NaOH)) oil. The different catalysts used 
with the same source of raw material led to 30% - 40% of saturated products. These 
differences may be attributed to the GC/MS errors during analysis. The higher content 
of unsaturated fatty acid in the commercial biodiesel may have contributed to its poor 
volatility. It can again be concluded from the above that commercial biodiesel 
shows poor volatility ability due to the high unsaturated ratio.
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Chapter 2 Microemulsions
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2.1 Emulsion Introduction
2.1.1 Emulsion Background
An emulsion is a dispersion of one liquid in the fomi of droplets in another liquid.
It exhibits a certain stability in the presence of an adsorbed surfactant at the interfaces 
between the two immiscible liquid phases. This defines the phase beliaviom* of the 
surfactant (S) and two immiscible oil (O) and water (W) system.
Such behaviour is a result of the equilibrium thermodynamics which depend on the 
nature of the different components, the mole fraction of components, temperature (T) 
and pressure. Surfactants are amphiphilic substances with an affinity toward both 
water and oil. At high surfactant concentration, the system can exhibit single phase 
behavioui'. On dilution with either water, oil or both, a two -  phase region is often 
visible, which can give an emulsion upon stining. Hence the boundary between the 
single and multiphase regions is of primary importance; it sets the limits to emulsion 
compositions. There is a classification of equilibria between phases, commonly 
refeiTcd to as Winsor phases . Winsor  1 and 2 correspond to: (1) surfactant -  rich 
water phase in equilibrium with a surfactant -  depleted oil phase and (2) surfactant -  
rich oil phase in equilibrium with a surfactant -  depleted water phase. A Winsor 3 
system has three phases (see Fig.2-1) that are allowed by the ternary phase mle.
Fig.2-1 is a three -  phase diagram with vertices at essential pm’e O, W, and surfactant. 
Microemulsion (M) is labelled within the triangle; this contains most of the surfactant 
with similar amounts of oil and water. The tlnee -  phase zone is smTounded by three 
two -  phase (2 ^  ) regions: the lower one being a very thin strip close to the OW side 
of the diagram, another is in the right lobe and a third is in the left lobe. The degree 
and type of surfactant aggregation structme in homogeneous phases varies with the 
W/O ratio.
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Emulsions have been classified (cationic, anionic or non-ionic) according to the 
charge of the emulsifier or on the basis of the droplet size (nanoemulsions, 
miniemulsions, ultrafine-emulsions and sub-micrometer emulsions (see Fig.2-2)). 
They may also be defined as water - in - oil, oil -  in - water and multiple emulsions 
(e.g. water -  in- oil -  in -  water).
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Currently, emulsion technology is widely used in foods (i.e. butter and mayonnaise), 
cosmetics, medicines, crude oil and environmental protection. There has been a 25%+ 
increase in consumption of emulsions, from almost 6 million tonnes in 2002 up to 
almost 8 million tonnes in 2005.
2.1.2 Surfactant
The surfactant (surface active agent) involved in the emulsion system greatly reduces 
the surface tension (y) of water when used in very low concentration.''^'^ Each 
surfactant molecule has a hydrophilic (water loving) head and a hydrophobic (water 
hating) tail that repels water and simultaneously attaches itself to oil, illustrated in the 
Fig.2-3
H ydrophobic G roup
"Fai lowng End"
H ydrophilic G roup 
’ Water Loving Head '
Fig.2-3 Schematic of surfactant molecule 144
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In water, surfactant tails form a core of a micelle that can encapsulate an oil droplet 
and their heads form an outer shell that maintains favourable contact with water 
(Fig.2-4 right). When surfactants assemble in oil, the heads are in the core and the 
tails maintain favourable contact with oil (Fig.2-4 left). In most cases, either W or O 
phases contain the majority of the surfactant, as in a molecular solution or as a 
microstructure such as a micellar solution or a liquid crystal.
0
0 w
Fig.2-4 Surfactant in oil and water phase
2.1.2.1 Classifications of Surfactants
Surfactants can be classified according to the presence of formally charged groups: 
non -  ionic (no charge), anionic (negative charge), cationic (positive charge) and 
zwitterionic surfactant amphoteric (both positive and negative charges).
(i) Anionic surfactant (see Fig.2-5)'"'’
These are mostly either sulfonates or sulfate esters, where the C-O-S linkage is 
relatively easily hydrolyzed to the corresponding alcohol and sulfate ion by dilute 
aqueous acids (Fig.2-5). Sulfonates, on the other hand, contain a robust C-S linkage 
that is much more stable and broken only by drastic treatment such as refluxing with 
concentrated phosphoric acid. The sulfonates, therefore, find application in a variety 
of pH conditions.
Fig.2-5 Structure of sodium laurel sulfate 147
68
(ii) Cationic surfactant (see Fig.2-6)''^^
These usually have positively charged nitrogen. The alkyl R group may be linked 
directly or indirectly to the nitiogen atom. The N atom can also be part of a 
heterocyclic ring as in the case of (c).
N'' Br" /  \
(a)
H3C CH3
Cl
H3C' \ XH3 CH3
N*
or
(b)
(c)
Fig.2-6 Cetrimonium bromide (CTAB) (a), hyamine 1622 (b) and cetylpyridinium
chloride (CPC) (c)'^*
(iii) Non -  ionic surfactant (see Table 2-1)
The first non -  ionic surface -  active condensation products of polyoxyethylene 
glycols with oleic and stearic acids were prepared by Scholler at Badische Aniline, 
Germany, in September 1930.' '^  ^ Nonionic surfactants include polyoxyethylene and 
polyoxypropylene derivatives, but anhydrohexitol derivatives, sugar esters, fatty 
alkanolamides, and fatty amine oxides are also relevant.
Because nonionic surfactants do not ionize in aqueous solution, they have many 
advantages as detergents, emulsifiers and for chemical studies. In the past 20 -  30 
years, nonionic surfactants have become important in food and pharmaceutical 
teclmology, because they solubilize organic substance and have low toxicity. 
Recently, nonionic surfactants also have been studied in water in fuel -  emulsions that 
reduce emissions.
(iv) Amphoteric surfactant (Zwitterionic surfactant) (see Fig.2-7)'^*
These can be illustrated by the long - chain amino acids or also prepared with a sulfate, 
sulfonate or phosphate as the anionic group.
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/ \
Fig.2-7 Cocamidopropyl betanie (CAPB)'
A characteristic feature of amphoteric surfactants is the pH dependence of their 
surface -  active properties. Solubility, foam, wetting, and depression of surface 
tension are at their minimum at pH values in the neighbomirood of the isoelectric 
point. In neutral or slightly alkaline solution they exhibit good foaming action 
(characteristic of anionic surfactants). Further, they are relatively noncorrosive to 
metals, unlike most anionic surfactants in dilute solution.
2.1.2.2 Adsorption and Aggregation of Surfactants
Surfactant behaviour in emulsions is based on monolayer or bilayer adsorption and 
micelles, which minimises the free energy via the smallest possible area of contact 
between the water molecules and the non -  polar hydrocarbon chain of the surfactant 
molecule.
The relative tendency for micelle foiination can be estimated using Lairgmuir’s 
principle of independent surface act ion.According to this theory, the field of force 
around any particular gioup is characteristic of the group and, as a first approximation, 
is independent of the nature of the rest of the molecule. Assume that molecules cluster 
as micelles so that the area per hydrocarbon chain that is exposed to water molecules 
is the same. Since the surface energy of hydrocarbons is less than the hydrocarbon -  
water interfacial energy, the potential energy of the system is less with surfactant 
molecules oriented in an adsorbed layer than that in micelles.
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Aqueous solutions of surfactant exhibit a more or less abmpt change in their physical 
properties over a narrow concentration range (see Fig.2-8(b)). This rapid change in 
properties is generally accepted to be due to the formation of oriented aggregates or 
micelles. The concentration of surfactant at which the concentration of micelles 
suddenly becomes appreciable is refened to as the critical concentration for micelle 
fomiation (CMC).’^  ^This is of fundamental importance in the selection of surfactants 
for specific applications, hi general, surface activity is due to non -  micellar surfactant 
and the micelles act as a reseiwoir for tire unassociated suifactant molecules and ions. 
At concentrations greater than the CMC value, the surface tension of the solution does 
not decrease further with an increase in suifactant concentiation. The ability of 
surfactant solutions to dissolve or solubilize water -  insoluble materials starts at the 
CMC and increases with the concentration of micelles. For any homologous series of 
normal hydrocarbon -  chain surfactants, the CMC value is doubled for each decrease 
by one in the number of carbon atoms in the long chain. The CMC value could be 
affected by carbon chain, presence of salts, surfactant stiuctme, presence of polar 
compounds and temperature. Three principle methods have, in general, been 
employed to determine the CMC: the detemiination of the break in the surface tension 
-  concentration curve, the break in the light scattering -  concentration curve and the 
iodine -  solubilization metliod.*^ "^
A typical micelle in aqueous solution (an aggregate with the hydrophilic head in 
contact with suiTOunding solvent, the hydrophobic tail regions in the micelle centie) is 
called an oil -  in -  water micelle. An inverse micelle (having the head regions at 
the centre with tails extending out) is known as a water -  in -oil micelle. Micelles 
can be spherical or hexagonal and lamellar (see Fig.2-8'^^). The shape and size of a 
micelle is a function of the surfactant molecular geometry, surfactant concentiation, T, 
pH and ionic strength.
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s u r f a c t a n t
surf act en 1
cr
CMC
Suifactant concentration
(b)
Fig.2-8 (a) Micelles in a cubie (left), hexagonal (mid) and lamellar pattern (right)
(b) surface tension (o) changed beyond the CMC'^^
2.1.2.3 Hydrophilic -  Lipophilic Balance (HLB)
One of the more useful concepts developed for the control of the emulsion type by the 
selection of surfactant agent is the HLB term that refers to the balance of properties of 
the surfactant: hydrophilic - lipophilic.'^’ Low HLB molecules are more oil soluble. 
High HLB molecules are more water soluble. The values that have been assigned to 
surfactant range from 1 -1 6 , with a midpoint -10.When two or more surfactants are 
blended, the HLB values are intermediate. Eq.(2-1) gives the relationship defining the 
HLB value of the surfactant combination.
(WaHLBa+WbHLBb)/ (Wa+Wb) =HLBreq (Eq.2-1)
where Wa and Wb refer to the amounts by weight of surfactant A and B, HLBA and 
HLBb are the assigned HLB values for surfaetant A and B, HLBreq is the required 
HLB value. The system to be emulsified relies on the HLB value range (see Table 2- 
2).
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Table 2-2 Suifactant application defined by its HLB value 149
HLB Range Application
4 -6 W/O emulsions
7 -9 Wetting agents
8-18 0/W  emulsions
13 - 15 Detergents
15-18 Solubilizing
2.1.3 Stability of Emulsion
The stability is the ability of an emulsion to resist changes in its properties over time: 
the more stable emulsion is defined by the forces of molecular attraction/repulsion.'^^ 
The aggregative stability can also be defined as the stability of emulsion.
An emulsion may become unstable due to a number of different types of physical and 
chemical processes. Physical factors affecting emulsion stability include: phase 
volume, concentration type of surfactant, density differences, viscosity, surface films 
and method of preparation'^®’ . Creaming, flocculation, coalescence, partial 
coalescence and Ostwald ripening are examples of instability. Chemical instability 
results fi’om molecular alternation due to oxidation or hydrolysis.
2.1.3.1 Thermodynamic and K inetic Stability of Emulsion
It is extremely important to distinguish the thermodynamic and kinetic stability of an 
emulsion. The origin of thermodynamic instability can be illustrated by comparing the 
free energy (G) of a system consisting of an oil and aqueous phase before and after 
émulsification.'®^ In its initial state at temperature T, prior to émulsification, the free 
energy is given by:'®®
G ' =  G ^ +  G ; + G , ' - r s : „ ^ , ^ (Eq.2-2)
and in its final state, after émulsification, it is given by:
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where Go, Gw and Gi are the free energies of oil phase, water phase and oil -  water 
interface and S is the configui'ational entropy of the droplets. Superscripts i and f  refer 
to the initial and final states of the system. Go and remain constant before and 
homogenization. Thus, the difference in fi'ee energy between the initial and final 
states is given by:
= G  ^-  G' = Gf -  G' -  = AG, -  T AS„,,„^
(Eq.2-4)
By definition the difference in interfacial free energy between the initial and final 
states is equal to the increase in contact area between the oil and water phase 
multiplied by the interfacial tension (y). Hence,
"^^formcjtion “  /  ~  ^  ^ ^ c o n fig  ^  5^
The change in interfacial free energy (y.AA) is always positive because the contact 
area increases after homogenization and therefore it opposes emulsion formation. On 
the other hand, the configurational entropy term is always negative, because the 
number of arrangements accessible to the droplets in the emulsified state is much 
greater than in the non-emulsified state; therefore it favours emulsion formation. 
However, in most macroemulsions, the configurational entropy is much smaller than 
the interfacial free energy and can be ignored. Thus, the formation of a 
macroemulsion is always thermodynamically unfavourable, because of the increase in 
interfacial area after émulsification. Sometimes, the configurational entropy term 
dominates the interfacial free energy term (i.e. in emulsions in which the interfacial 
tension is extremely small and the systems are theimodynamically stable). This type 
of system is usually referred to as a microemulsion, to distinguish from 
macroemulsion also by the size of dispered droplets(nm). Fig. 2-9 presents the 
thermodynamic stability with different types of emulsions.
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Fig.2-9 Thermodynamic stability with emulsions'®^
The thermodynamic stability does not provide any indication of the rate at which the 
properties of an emulsion change with time, the type of change that occurs, or the 
physical mechanism(s) responsible for these changes. Kinetic stability is therefore 
also relevant. An emulsion of smaller droplets will in general be more stable.
Even if they are thermodynamically unstable, many emulsions are kinetically stable 
and do not change appreciably for a prolonged period (metastable). This kinetic 
stability of an emulsion can be attributed to an activation energy (AG), which must be 
overcome before the emulsion can reach its most thermodynamically favourable state. 
An emulsion that is kinetically stable has an activation energy that is significantly 
larger than the thermal energy of the system. For most emulsions, activation energy is 
sufficient to provide long -  term stability.'®"'
The kinetic stability of emulsions can also be understood with reference to droplets in 
an emulsion that are in a continual state of motion and frequently collide with one 
another,'®^ due to their Brownian motion, gravity or applied external forces. Whether 
droplets move apart, remain loosely associated with each other or fuse together after a 
collision depends on the nature of the interactions between them. The kinetic stability 
of emulsions is therefore largely determined by the dynamics and interactions of the 
droplets they contain.
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2.1,3.2 Gravitational Separation
111 general, the di'oplets in an emulsion have a different density to that of the 
dispersing liquid and so a net gravitational force acts on them/^^ If the droplets have a 
lower density than the surrounding liquid they have a tendency to move upward 
(referred to as creaming (Fig. 2-10^^^)). Conversely, if they have a higher density than 
the surrounding liquid they tend to move downward (referred to as sedimentation). 
The densities of most oils are lower than that of water and so there is a tendency for 
oil to accumulate at the top of an emulsion and water at the bottom. Thus, droplets in 
an OAV emulsion tend to cream, whereas those in W/O emulsion tend to sediment.
Creaming
%
'At.
Fig.2-10 Illustration of creaming because of the density difference
The creaming or sedimentation rate of an isolated spherical particle (radius r) in a 
liquid is defined by Stoke's law which is given in Eq.2-6:*^®
_  ^grHp2- f>j)
(Eq. 2-6)
VS t o k e s
where the sign of Vstokes is a rate determines whether the droplet moves upward (+) or 
downward (-), g is the acceleration due to gravity, p is the density (where the 
subscripts 1 and 2 refer to the continuous and dispersed phases) and r\ is the shear 
viscosity. As a useful mle of thumb, an emulsion in which the calculated rate is <1 
mm day"^  can be considered to be stable toward cream ing.Eventually, the final 
thickness of the creamed or sedimented layer depends on the initial droplet 
concentration in the emulsion and the effectiveness of droplet packing (which may be 
tight or loose depending on their polydispersity (i.e. range of size, shape and mass 
characteristics) and the nature of the interactions between them). Tightly packed
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droplets tend to form a relatively thin layer, whereas loosely packed droplets fomi a 
relatively thick layer.
In real practice, there are often large deviations based on Stoke's law because the 
many of the assumptions used in Eq.2-6 are invalid. The most important factors are 
considered as be low :drop le t fluidity, non-dilute systems, polydispersity, droplet 
flocculation, non -  Newtonian rheology of continuous phase, electrical charge, fat 
crystallization. Brownian motion, complexity of creaming and adsorbed layer.
2.1.3.3 General Features o f Droplet Aggregation
Droplets in emulsions are in continual motion. Droplets aggregate when there is a 
minimum in the inter-droplet pair potential that is sufficiently deep and accessible to 
the d r o p l e t s . T h e  major types of aggregations are flocculation, coalescence, 
Ostwald ripening and phase inversion.’*'^  In general, the rate of droplet aggiegation 
depends on the mechanism responsible for particle -  particle encounters, the 
hydrodynamic and colloidal interactions acting between the particles, and the 
susceptibility of the thin film separating the particles to become ruptured.’^ ®
Flocculation
Flocculation (floe) is the process whereby two or more droplets come together to fonn 
an aggregate in which the droplets retain their individual in tegr i ty .The  formation of 
larger aggregates leads to loss of sedimentation and phase stability and the subsequent 
phase separates causing the destiiiction of the emulsion. Flocculation causes an 
increase in the viscosity of an emulsion and may eventually lead to two final states 
having to be distinguished: creaming and emulsion gelling which occupies the 
emulsion volume as a whole.
In general, mathematical models can be derived to account for the change in the 
number of nonflocculated, flocculated, coalescence and Ostwald ripening particles in 
an emulsion with time. As floe proceeds there is a decrease in the total number of 
droplets in an emulsion, which can be described by the following equation:
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1
I T "  2 ^ ^  (Eq.2-7)
where dn-p/dt is the floe rate, n j  is the total number of di oplets per unit volume, t is 
the time, F  is the collision frequency and E  is the collision efficiency (0<E<1). The 
equation indicates the rate at which floe proceeds depends on two factors: the 
frequency of collision between the droplets and fraction of collisions that leads to 
aggregation. The collision frequency is the total number of dr oplet encounters per mrit 
time per rmit volume of em u ls ion .T he  dominant collisions between droplets occur 
as a result of Üieir movement (including Brownian motion, gravity, or applied 
mechanical forces (stirring)). The collision frequency irrcreases as the droplet
concentration increases or the droplet size decreases. To prevent droplets from 
flocculating during a collision it is necessary to have a sufficiently high repulsive 
energy hairier to stop them from approaching one another. The height of this energy 
barrier determines the likelihood that a collision will lead to floe, tliat is the collision 
efficiency.’*^® E depends on the hydrodynamic and colloidal interactions between the 
droplets. The most effective means of controlling the rate and extent of flocculation in 
an emulsion is to regulate the colloidal interactions between the d r o p l e t s .A  wide 
variety of different types of colloidal interactions can act between the droplets (i.e. 
van der Waals, steric, electrostatic, hydrophobic and depletion).
The structure and properties of floes are mainly detemiined by the nature of these 
colloidal and hydrodynamic interactions between the droplets, but also depend on the 
mechanism responsible for the droplet collisions (Brownian, gravity or 
mechanical).’ ®^ When the attraction between the droplets is relative strong compared 
to the thermal energy, the floes formed tend to have an open structuie in which each 
droplet is only linked to two or three of its neighbours. This type of floe is 
characterized by a tenuous structure that traps large amomrts of continuous phase 
within it. When the attraction between the droplets is relatively weak compared to the 
thermal energy, the droplets do not always stick together. Thus, a droplet that 
encourrters a floe is able to penetrate closer to its centre, which niearrs the droplets can 
pack more closely together.’®^ This type of floe is characterized by a more compact 
structure that tr aps less of tire contirruous phase. The Fig.2-4 ’^ ®preserrts the two types 
of floe structure.
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oFig.2-4 Different types of floc structure: close packing (left) and open packing
(right)'''
Coalescence
Coalescence is the process whereby two or more droplets merge togetlier to form a 
single larger droplet (see Fig.2-5)."® It is the main mechanism by which an emulsion 
moves toward its most thermodynamically stable state, because it involves a decrease 
in the contact area between the oil and water phase. In 0/W  emulsions, coalescence 
eventually leads to the formation of a layer oil on top of the material (referred to as 
oiling off). In W/O emulsions, it leads to the accumulation of water at the bottom of 
the material.
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Fig.2-5 Droplet coalescence leads to a growth in the mean droplet diameter and may 
eventually lead to complete separation of the oil and aqueous phases."®
Coalescence can only occur when droplets are in close proximity and the thin film of 
material separating them is mptured. The fact that droplets must be in close contact 
means the coalescence is much more dependent on short -  range forces and the 
precise molecular details of a system. In general, the major factors that influence 
coalescence can be expressed by:
(i) physical mechanism responsible for droplet encounters (e.g. Brownian motion, 
simple shear, gravity),
(ii) the nature of the forces that act on and between droplets (i.e. colloidal and 
hydrodynamic forces).
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(iii) the resistance of the thin film of material separating the droplets to mpture, 
and
(iv) droplet deformation.
The most appropriate mathematical model to describe coalescence in a particular 
system depends on the rate -  limiting step for coalescence, hi most emulsions, it is 
likely that this is film mpture is because of the relative strong short -  range repulsion 
generated by the emulsifiers. An approximate expression for the change in the mean 
droplet size with time in an emulsion due to coalescence in:'®'
l/r^=l/ro^-(87r/3)xwt (Eq. 2-8)
where r is the average droplet radius at time t, i*o is the radius at t=0, and w is the 
frequency of mpture per unit of surface of the film. The above equation suggests that 
the mean droplet size increases steadily with time duiing coalescence, but there is no 
indication of the expected change in the droplet size distribution with time. 
Experimental studies of coalescence in the OAV emulsion by small molecule 
surfactants have shown that coalescence may proceed by either a homogeneous or a 
heterogeneous process depending on the system composition and conditions."" 
Ideally all the droplets in the emulsion grow unifoimly, but in reality a few of the 
droplets grow very rapidly, while the rest remain almost unchanged in size. Therefore, 
homogeneous coalescence tends to lead to the formation of single-mode droplet size 
distribution, with the peak moving upward with time, whereas heterogeneous 
coalescence may lead to the formation of biniodal droplet size distributions with the 
fraction of droplets in the larger size range growing with time.'®^
Ostwald ripening
Ostwald ripening is the process of mass tiansfer of tlie dispersed phase material fiom 
the smaller droplets to larger ones, which takes place in various colloidal systems'®  ^
(see Fig.2-6"®).
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Fig.2-6 Ostwald ripening (i.e.the growth of large droplets at the expense of smaller
ones)^^^
The driving force for this process is the fact that the solubility of a substance within a 
droplet in the continuous phase sunounding it increases with decreasing r. It means 
there is a higher concentration of solute around a small droplet than around a larger 
one; the solute molecules therefore move fi'om the smaller droplets to the large 
droplets, because of this concentration gradient. This process causes the smaller 
droplets to shrinlc and the larger droplets to grow, leading to an overall net increase in 
the mean droplet size with time. The relationship between the particle size and 
solubility is described by the Ostwald -  Freundlich relationship which is an extension 
of the Kelvin equation.
RT, S 2yI n — = —  (E q . 2 -9 )
V m oo r
where S is the solubility of small particles of size r, So is the equilibrium solubility, R 
is the gas constant, T is the temperature, Vm is the molar volume, and y is the surface 
tension.
In general, Ostwald ripening can be divided into two periods: 184
(i) in the initial non -  steady -  state period, the emulsion has a droplet size 
distribution that is mainly determined by the physicochemical processes 
associated with droplet shrinkage and growth.
(ii) in the steady -  state period, the droplet size distribution maintains a time -  
independent from, and only raises the particle size dming aging.
This process has been defined fr'om the Lifshitz-Slezov and Wanger (LSW) theory:
0)=drcVdt (Eq. 2-10)
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where rc is critical radius of the system at any given time and co is the Ostwald 
ripening rate of the pure substance. This equation indicates that the cube of the mean 
particle size should increase linearly with time and the rate of this process increases as 
the equilibrium solubility of the solute molecules in tlie continuous phase increases. It 
has usually been applied for recognizing Ostwald ripening process and combined with 
increased width of droplet size distribution.’^^  In another words, Ostwald ripening can 
be retarded by ensuring that an emulsion has a narrow droplet size distribution.
Phase inversion
Phase inversion is the process whereby a system change from an OAV emulsion to a 
W/O emulsion or vice versa (see Fig.2-7)
O Oa 0° O
Oil-in-water
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Water-in-oii
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Fig.2-7 Schematic phase inversion 1 8 7
The phase inversion is believed to be extremely complex (involving aspects of 
flocculation, coalescence and emulsion formation), hi general it depends on many 
different variables which can be classified in three categories:
(i) field variables associated with the equilibrium state of the system, e.g., its 
phase behaviour, also called foiinulation variables, because they include the 
nature of the components as well as temperature and pressure;
(ii) composition variables which deal with quantities or proportions, for instance 
surfactant concentration and water/oil ratio;
(iii) émulsification protocol characteristics, which indicate the way the emulsion is 
made or modified, or how the formulation or composition is changed as a function 
of time and space.
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As a result of phase inversion, normally, there is a significant change in emulsion 
viscosity. This is because the viscosity of an emulsion is governed principally by the 
viscosity of continuous phase (which is different for oil and water) and the disperse 
phase volume fiaction (which may also be alerted). An O/W emulsion has an aqueous 
continuous phase and so its electrical conductivity is much greater than that of a W/O 
emulsion.
2.1.4 Microemulsion
The tenn microemulsion refers to the theiinodynamically stable system and defined as 
a thermodynamically stable dispersion of two immiscible liquids, stabilized by 
surfactants. It was inti'oduced by Schulman and co-worker.Typically these have 
droplets with d < 50 nm in diameter dispersed in a transparent/translucent phase. 
Microemulsions, being microheterogeneous mixtures of oil, water and surfactant, are 
excellent solvents for both polar and nonpolar compounds. They can be regarded as 
something between a solvent -  based one phase system and a tme two -  phase system. 
Bowcott and Schulman showed that in order to fomi microemulsions the 
concentration of emulsifiers must be greater than that required to reduce the oil -  
water interfacial tension to zero.’^ ’ This indicates that the interfacial tension y, must 
have a metastable negative value, which would give a negative free energy variation. 
This would cause droplets to break up spontaneously, stabilize the dispersed phase, 
and prevent phase separation. The total interfaeial tension can be defined as:’^ ’
yi =  Yow-ît (Eq. 2-11)
where yow is oil -  water interfaeial tension in tlie absence of the emulsifying agents, 
and 7T is the spreading pressure of the added emulsifiers at the oil -  water interface.
If 71 >Yow there will be a negative interfaeial tension and microemulsions will fomi 
due to the free energy available to increase the interfaeial area. The equilibrium 
condition will be reached when t z  = y o w  o r  at zero interfaeial tension. If t z  < Y o w  
macroemulsion will form. Since the interfaeial tension is positive, droplets will tend 
to coalesce.
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In order to prepare microemulsion it is necessary to obtain a negative interfaeial 
t e n s i o n .T h i s  can be achieved by the use of a sufficient concentration of an 
emulsifier mixture that gives a mixed interfaeial film. To obtain this, it appears to be 
necessary for the molecules of the oil phase to interpenetrate or associate with the 
mixed interfaeial film. Normally, soap (i.e. 2-amino-2-methyl-l-propanol (AMP)) 
and suitable chain length alcohols are the most popular components that have been 
chosen and they are also called cosurfactant.For the soap, the use of large positive 
ions will help to produce microemulsions. For the alcohol, if the alcohol chain length 
is greater than 18 carbons no microemulsions form.
The phase continuity of microemulsions is governed by the same factors as 
macroemulsions. If the emulsifying agent is not ionized and preferentially soluble in 
the oil phase, the emulsion will be W/O. If it is not ionized and preferentially soluble 
in the water phase, the emulsion will be O/W. If the interfaeial film is charged, the 
emulsion will be O/W as well. Recently a W/O microemulsion system has been used 
to reduce the emissions from diesel engines (detailed in section of 3.1.3.2). 
Basically the system includes: surfactant (cosurfactant); water phase and oil phase 
(diesel fuel or biodiesel). Currently, diesel emulsion/microemulsion has been reported 
widely.'^”* H o w e v e r ,  as far as I know, there are no reports in the literature 
about the W/D (BD) microemulsion, except one report of an ethanol /diesel/ biodiesel/ 
system.
A wide range of factors are known to play a role in determining the stability of 
W/diesel (D) (W/D) emulsions. The structure of a W/O diesel emulsion droplet is 
shown in Fig.2-8.
oil phase
surfactant
water phase
Fig.2-8 Structure of a droplet in a W/O diesel emulsion
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Microemulsions have attained increasing significance both in basic research and in 
in d u s t ry T h e re  has been a revolution in the last two decades in the utilization of a 
microemulsion system in a variety of chemical and industrial processes. Cunently, 
microemulsions are mostly used in the field of cmde oil recovery, fliels, lubricants, 
detergency, cosmetics, foods and so on.
2.1.5 Surface Tension and Contact Angie
In order to understand emulsions further, it is necessary to know the surface tension or 
interfaeial tension.
2.1.5.1 Surface Tension
Siu'face tension is a measurement of the cohesive energy present at an in te r face .T o  
define the tension in this surface at a point P, there is a curve AB in the surface which 
passes through this point and divides the surface into two regions (land 2) (see Fig.2- 
9 ) 2 00 element 5L of AB, region 1 exerts a force FôL tangential to the
surface, then the force is called surface tension (o) at this point P. Once a is 
peipeiidicular to the dividing line and has the same value at all points on the surface, o 
can be called the surface tension of the surface: it has the dimensions of force per unit 
length and is usually expressed in N nf* or niN m '\
A
Fig.2-9 Surface tension at point
The molecules of a liquid attract each other. The interactions of a molecule in the bulk 
of a liquid are balanced by an equal attractive force in all directions. However, 
molecules on the surface of a liquid experience an imbalance of forces in the presence
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of free energy at the surface. The excess energy is called surface fi'ee energy (Fg) 
which exists at the interface of two f l u i d s . I f  one of the fluids is the vapour' phase of 
a liquid being tested the measurement is referred to as surface tension. If the surface 
investigated is the interface of two liquids the measurement is referred as interfaeial 
tension;
a  =  (dF/dA)x,p,n “  Fs (Eq. 2-12)
where F means the total free energy and A is the surface area, (subscripts T, P, n note 
the constant temperature, pressure and composition). The term Fg is the surface free 
energy per unit area, a  is commonly used to express either surface tension or surface 
free energy per unit area.
From the above equation, it is clear to see the surface tension is related to the 
surrounding temperature, pressure and composition.*^^ As the temperature is raised, 
the kinetic energy of the molecules increases and the attraction between molecules is 
partially overcome. Consequently, the surface tension invariably decreases with a rise 
in T. As the critical temperature of the liquid is approached, the surface tension 
diminishes and finally vanishes altogether. An increase in the pressuie of vapour over 
the surface of a liquid has the effect of bringing more gaseous molecules into contact 
with the surface. The attraction of these molecules neutralizes to some extent the 
inward attiaction on the surface molecules. The effect expected would be to decrease 
the surface tension with increasing pressure. Wlien the system composition has been 
changed, the surface tension will be varied as well, dependent on the properties of the 
composition.
The various methods for the accurate measuiement of surface tension have already 
been reviewed.^**  ^These include oscillating jet, bell, falling meniscus, bubble pressure, 
capillary rise, drop volume method, static drop, Wilhelmy plate and tensionmeter 
methods. Which method is optimum depends on the nature of material being 
measured. The sessile drop method was carried out here.
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2.1.5.2 Contact Angle
By assuming constant surface tensions between each pair of the three phases. Young’s 
equation is expressed as:^ °^ *
( O s v - T t ^
_  (Eq. 2-13)
( J L V
where a (mN m'') is the surface tension (of the respective phases in the subscript), 0 is 
the contact angle and te is the equilibrium spreading pressure which considers the 
adsorption of vapour on the liquid -  solid interface. Hence, Young’s equation 
provides a relationship between the experimentally measurable parameters 0 and o. 
For constant surface tensions of the three phases, Eq.2-13 implies that the static 
contact angle 0 is unique.
When a drop of liquid is placed on the surface of a solid, it may spread to cover the 
solid surface. Alternatively, it may remain as a stable drop on the solid. When a liquid 
is in contact with a clean solid surface, there is a solid -  liquid interface between the 
two phases, while the bare surface of the solid adsorbs the vapour of the liquid until 
the fugacity of the adsorbed material is equal to that of the vapour and the liquid. The 
angle 0, measured in the liquid (shown in Fig. 2 -10), is known as the contact angle.
205
Contact Angle
liqiid drop
substra te
Contact Angle
Fig.2 -  10 Schematic sketch of contact angle205
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Consider a water dioplet on a solid surface. If the liquid is on a hydrophilic solid 
surface, the droplet will spread out on the solid surface and the contact angle will be 
less than 90“, in this case it is called wet. If it is on a hydrophobic solid surface and 
the contact angle is > 90“, this case is called dry.
A number of methods are employed for measuring the contact angle. These include 
the static sessile drop method, the dynamic sessile drop method, dynamic Wihelmy 
method and powder contact angle method. In this study, a KRüSS easy drop contact 
angle goniometer was employed.
2.1.6 A Turbidimetric Method for Evaluation of 
Emulsions
The stability of an emulsion is very important for various processes and emulsion 
products, but the evaluation of emulsion stability is not easy. The emulsion -  breaking 
processes have been studied extensively by various methods of determining the 
emulsion stability: droplet size analyses , measuring physical properties of 
emulsion^®’, accelerated tests^ ^® and light -  sca t te r ingTurb id i ty  measurements 
were also used to determine emulsion stability. This is a technique utilizing the 
spectral absorbance at several wavelengths to allow deteimination within a relative 
short period time^^°.
The changes in droplet size distribution (DSD), under conditions such as floc^ 
coalescence and Ostwald ripening, for various times showed that the DSD shifts to 
large droplet sizes. If the emulsions prepared are relative stable, shifts in DSD will 
occur slowly. From this point of view, it is possible to evaluate the emulsion stability 
by measurement of the change of DSD with time and the turbidity method can be a 
useful one, because the turbidity measurement is rapid and simple. Turbidity can be 
defined as the cloudiness or haziness of a fluid caused by individual particles that are 
generally invisible to the naked eye and the turbidity of a solution is the sum of all the 
contributions over the various particle sizes given as Eq.2-14. *
T = (Y )( ln y ) = N J ^ K ( ^ , i h ) f ( D ) d D  (Eq. 2-14)1 i  T Am Urn
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where Iq and I represent intensities of the incident and transmitted beams respectively, 
and / the optical path length (normally the quartz cuvette is with a 1 cm path length) JV 
is the number of particles per mL, and/(D) is the number fraction of particles with a 
size between D and D+dD. K{DIXm, the scattering coefficient, is a function of
two parameters, a and m, where is defined as the size parameter, and m is
the relative ratio of refractive index of particle (Mp) to that of the medium (M )^. is 
the wavelength in media defined as where Xq is the wavelength in vacuo;
both rip and are evaluated at For a mono-disperse suspension of non-absorbing 
spheres and constant diameter D, K  can be approximated k ”Xo  ^ as where k" is a 
proportionality constant and z  is known as the wavelength exponent.
A rapidly decreasing wavelength exponent indicates a fast growth in particle size, 
while an unchanging or relatively slow changing wavelength exponent indicates a 
stable emulsion. The exponent z can be deteimiiied by the slope of the 1ii(t) versus 
ln(Ao) plot and the detailed calculation is presented in section of 2.3.3.2. This 
measurement used for microemulsion droplets stability had been reported by 
others.^'^’^ '^*
2.1.7 Aims of this Chapter
Fuels for combustion are but one application of microemulsions. The aims of the 
work described in this chapter were:
(i) first to study new W/D (BD) microemulsions prepared with various 
compositions (i.e. choice of surfactant) and different influences (i.e. 
temperature),
(ii) assess their stabilities (theimal and time) via DLS and turbidity measurements,
(iii) understand their properties in terms of their conductivity, viscosity and surface 
tension. The conductivity of biodiesel is a measure of the ability of a friel to 
dissipate static electric charge.
(iv) test these in teims of their effect on emission levels from the diesel engine.
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2.2 Emulsion Experiments
2.2.1 Materials
(i) Surfactants (S)
Sucrose stearate/palmitate (sucrose ester, white powder; Sisterna SP50 (HLBll) and 
SP30 (HLB = 6)) were used as received (see Fig.2-11).
RCOOCHi
H H H 0 C H a y » 0 > ^  h
OH H
OH H
Fig.2 -11 Sucrose monoester
Sorbitan monooleate (Span 80; amber liquid; Sigma -  Aldrich (HLB value=4.3, t) 
1200 mPa.s)) was also used as received (see Fig.2-12).
o
II
CHg O - C - C H j  (CHglg C Hj CH^CHCHglCH^lgCHg 
H O - ' C . ,  O .
'"'OH
Fig.2 - 12 Span 80 '^^
H O ^  '
(ii) Cosurfactant (COS)
Propan-2-ol (Aldrich;) has been chosen as cosurfactant (COS). Its boiling point at 101 
kPa was 359K.
(iii) Diesel and biodiesel fuels
BP diesel fuel (CnH2 4 )^ ^^  was obtained. The biodiesel used was produced by the 
author.
91
2.2.2 Method of Microemulsion Preparation
The microemulsions included the following components: surfactant (S), cosurfactant 
(COS), aqueous phase (W) and oil/diesel (D). Firstly, S and COS were mixed 
(mass/mass) at 313 -  323 K on a water bath to give a clear solution. Then, diesel was 
added to a given loading (w/w) and mixed until they were homogeneous at 298K with 
a magnetic stiixer (600 rpm) for 5min. Finally H2O was added dropwise to the 
solution with Stirling (600 rpm) to give a clear emulsion. The W/D (BD) 
microemulsions were prepared according this method as well. So far, the author is not 
aware of any report about preparation of W/D (BD) microemulsion.
2.2.3 Droplet Size Measurement
The range of droplet sizes in the microemulsion was characterized on a dynamic light 
scattering instrument (Zetasizer Nano ZS) at 273 -  308K after equilibrating for 5min. 
The instimnent contained a 4mW He-Ne laser operating at X= 633nm. It incorporated 
non -  invasive backscatter optics (NIBS). The measurement was made at a detection 
angle of 173“ and the measurement position within the cuvette was automatically 
determined by the software. Droplet size measurements were reported as full droplet 
size distribution (DSD) or mean droplet diameters. This measurement had been 
widely used to analysis the dioplet For this study, all samples were
W/D (BD) microemulsions and had been run tln-ee times per measurement to obtain 
the average droplet size and errors. The diesel’s refractive index was assessed to be 
1.48.^^^
2 .2.4 Contact Angie measurement and Surface 
Tension Calculation
Measurements of the contact angle of microemulsions were undertaken with a KRiiSS 
easy drop contact angle goniometer at 298K with a mica surface. The contact angles 
were evaluated witlr the Easy Drop Shape Analysis software. This device included 
three parts: injection system (syringe), hydrophobic surface plate (mica) and CCD 
camera. For each measurement, 0.1 cni  ^ of the sample liquid was injected onto the 
mica surface, and then, the image was transferred to the computer by CCD camera
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that could be focused and adjusted. The droplet images on the plate were transferred 
to the computer and the contact angles (0) were calculated by software. For each 
sample, the 0 was measured three times.
Fig.2-13 KRiiSS easy drop contact angle goniometer
For the calculation of the surface tension. Young’s equation was used (see Eq.2-13). 
Generally, it is impossible to verify Young’s equation because the values of Osv and Osi 
are very difficult to measure. Girifalco and Good (1957) proposed the approximation 
of the solid-liquid interfacial tension, Osi:
( T s l— G s v “ t " O L v - 2 ( p ' \ /  G s v ^ C T s \ (Eq.2-15)
where cp is a dimensionless parameter which describes interactions between the two 
phases (that is frequently set equal to one {Adamson, 1990)^ ^^ *). A theoretical approach 
to quantify q> was proposed by Girifalco and Good (1957). Substitution of Eq.2-15 
into Young’s equation and ignoring the spreading pressure n results in:^ ^^
cos0=-H -2(p^ Gsv
O l v
(Eq.2-16)
Eq.2-16 only considers surface tension of solid -  vapour (Osv ) and liquid-vapour 
(oLv ). If one knows the surface tension and contact angle of a liquid material, then 
the surface tension of solid -  vapour Osv can be worked out. Next if one uses the same 
solid substrate, but place another liquid of unknown surface tension at the mica, then
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one can measure its contact angle, and then calculate olv Water and 96% etlianol 
were used as references. The contact angles were measured tlii'ee times per sample to 
obtain the average contact angles and errors. Their surface tensions were assessed to 
be 71.93mN m'* and 22.75 mN m'* at 298K respectively.^^^
2.2.5 Turbidity Measurement
The absorbance and turbidity spectra of emulsions were measured using UV-visible 
spectroscopy. For the thermal stability testing, spectra were obtained over the 
wavelength range 380 -  500 mn using a scanning speed of 700 nrn/min at 273K, 
278K 283K, 288K, 298K and 308K respectively. Each sample was analysed three 
times to obtain the average turbidity and errors. At present, there are no reports about 
this application in W/D (BD) microemulsion measurement. The emulsion was placed 
in a quartz cuvette with 1 cm path length. The turbidity calculations will be described 
in detail in section 2.3.3.2.
2.2.6 Viscosity and Conductivity Measurement
The viscosity of W /0 diesel emulsion was measured by Ostwald viscometer held at 
298K in a water bath and was calculated using the equation
r|=Kxpxt (Eq.2-16)
where r| is the viscosity (Pa.s), t is time (s), p is density of W /0 diesel emulsion 
(g/cm^) and K is the constant of viscometer. Ionic electrical conductivity was carried 
out using a Wayne Kerr Automatic LCR Meter 7330. Each sample was analysed three 
times to obtain average viscosity and conductivity.
2.2.7 Long -  term Stability
The long -  term stability of W /0 diesel microemulsions was assessed by measuring 
the droplet size or wavelength exponent (z) as a function of time using DLS or 
UV/turbidity measurments. The samples were kept sealed at 298K.
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Comments on Methods for Microetnulsioii Chapter
It has been demonstrated that the contact angle {G) is mainly influenced by the 
environmental temperature and the volume of the sample. Hence, all samples were 
measured in a temperature stable room witli samples exactly 0.1 cm  ^in volume. At the 
begiiniing of measui’ements, the standard sample (grade 1 deionised water) was used 
to calibrate G. Each sample was then measured three times and eiTors kept within 1“. 
The advantages and disadvantages of DLS has been mentioned in Chapter 1. For the 
turbidity measurements, the UV-visible spectrum of each sample was measured three 
times at 298K, the absorbance data were within 0.1. Viscosity measurements were 
calibrated by deionised water in a 298K water bath. Each sample measurement had 
errors in time measurement at 2 s. Conductivity measiuements were also tested at 
298K and each measurement was thought to have the errors within O.OOSpS m'  ^
(where 1 S=1 (!"')
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2.3 Results and Discussion
Fig.2 -  14 is an example of the emulsion numbering/name in this study; the aim was 
to express the sample contents clearly. The specific surfactant (S) to cosurfactant 
(COS) mass ratio used is defined as The mass ratio of diesel (D) to total
surfactant (S + COS) is expressed as Dm, the last two numbers mean the BD/D ratio.
Ratio Of S/COS (Km)
BD/D ratio
1 1  - ( 0 ) i i - Q 3 “ 2 8
HLB Value Water(wt%)in emulsion
Ratio of D/(S+COS) ( Dm)
Fig.2-14 Example of sample’s name
hi this study, ternary phase diagrams have been used to represent and understand the 
parameters which define emulsion fomiation (e.g. Fig.2-15).
so 20
4 06 0
4 0 6 0
20
SO 206 0 4 0
PfoporSonotC
F i g . 2 - 1 5  T e r n a r y  p h a s e  d i a g r a m ,  w h e r e  M  c o i T C S p o n d s  t o  6 0 %  o f  A ,  7 0 %  o f  B  a n d
6 5 %  of C)
Usually there are four components in the mixtures involved in W /0 diesel emulsion: 
surfactant (S), cosurfactant (COS), diesel (D) and water (W). Instead of studying the
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four parameters in a tetrahedron diagram, a pseudo -  ternary diagram is used. Thus, S 
and COS are grouped together in the same axis.
2.3.1 Choices of Surfactant HLB
The chosen surfactant (S) must have maximum solubility in the diesel oil phase. 
Nonionic surfactants can be more hydrophobic, which made them suitable for this 
kind of study. Nonionic sucrose esters were used as surfactant because of their low 
toxicity, biocompatibility and excellent biodegiadability,^^^ and furthermore a sucrose 
ester was also expected to be more T -  independent than more traditional 
polyoxyetliylene -  type nonionic surfactants. The longer the fatty acid chain length (or 
the lower the percentage of monoester) the lower the HLB value. In order to observe 
the behaviour of other surfactants, Sorbitan ester (Span 80) was also used. It is known 
that the HLB value of the surfactant at the water oil interface defines the formation of 
W/D or D/W microemulsion. For this purpose, S samples of varying HLB were 
selected.
2.3.1.1 Influence of Surfactant and HLB in W /O Diesel 
Emulsion Formation
Table 2-3 reveals the xx - 9119 -  0.3 W/D-type microemulsions formed with 
surfactants of HLB value from 2 - 1 5 .  Meanwhile, Fig.2-16 shows a photograph of 
W/D microemulsion fonnation.
Clearly, the optimum HLB value at 0.3 wt% H2 O for a stable W/D microemulsion at 
298K is 4.3 - 11. Higher HLB values (15) and lowest HLB value (2) were not able to 
form the W/D single phase microemulsion at all. According to the Davies’ scale, 
HLB-2 is more lipophilic than hydrophilic and hence appropriate for making water -  
in -  oil emulsions.Apparently, HLB-2 has a strong lipophilicity and almost no 
hydrophilicity,^^® so W/D microemulsions cannot be foiined under tliis HLB value. 
Clearly a low HLB value means the surfactant is keen to enter the continuous oil 
phase. The water/oil interfacial tension increases and so the W/D microemulsion can 
not be fonned.^^* HLB-15 surfactants required have high hydrophilicity and tend to 
enter the water phase, and the interfacial tension between oil/water is not reduced
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significantly. Therefore, in the light of the above surfactants with 4.3<HLB<11 were 
selected for further experiments.
able 2 -3 Composition of surfactants studied at 298K
Surfactant HLB COS Aqueous Phase Oil Phase K m  (1/9)
Sucrose ester 
SplO
2 2-propanol Distilled water D
Span 80 4.3 2-propanol Distilled water D +
Sucrose ester 
Sp30
6 2-propanol Distilled water D +
Sucrose ester 
Sp50
11 2-propanol Distilled water D +
Sucrose ester 
Sp70
15 2-propanol Distilled water D
Note: (+) indicates the formation of single phase microemulsions. 
(-) indicates formation of more than one phase region.
Fig.2-16 Appearances of W/D emulsion samples at 298K: 2 -9119-0.3 (left), 4.3- 
9119-0.3, 6-9119-0.3, 11-9119-0.3 and 15-9119-0.3 (right)
Fig.2-17 shows the ternary diagram of sucrose esters (Sp50 or Sp30) and Span 80 
with isopropanol, water and diesel at constant Km (1/9).
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Fig.2-17 Phase diagram at constant K„i (1/9) with different surfactants at 298K; (a) 
sucrose ester Sp50 HLB=11, (b) sucrose ester Sp30 HLB=6, (c) Span 80/and
HLB=4.3. These are given as fractions.
Clearly, the W/D microemulsion areas are all localized on tlie right side for all three 
phase diagrams in Fig.2-17 (a, b, c). The same trend was observed for all three 
surfactants tested at constant K,n (1/9). It was found that the water level limitation for 
the formation of single phase microemulsions is low when the total concentration of 
surfactants is low. The water level limitation increases when the total surfactants 
percentage increases.
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2.3.1.2 Influence o f Surfactant and HLB in W /O  
Diesel/Biodiesel Em ulsion Form ation
A two -  stage émulsification method was used to prepare W/D(BD) emulsions. Firstly, 
diesel (D) and commercial biodiesel (BD) were mixed in a w/w ratio of 1/9, 1/4, 1/1 
and 4/1 respectively. Then the microemulsions were prepared (according to the 
description in section 2.2.2) with constant k,n= 1/9, D,„= 9/1 and water wt(%)=0.3. 
The samples were designated (see Table 2-4) in the fomi 11-9119-0.3-19, which 
presents the HLB value -  DmKm -  water wt(%) -  ratio of BD and D mixture 
(BD/D=l/9). 10 ml of each sample were stored in motionless bottles and used to 
observe the phase boundaries.
Table 2 -4 Emulsions prepared
N ^ d  (%) 10% 20% 50% 80%
11 * 11-9119-0.3-19 11-9119-0.3-28 11-9119-0.3-55 11-9119-0.3-82
6 ** 6-9119-0.3-19 6-9119-0.3-28 6-9119-0.3-55 6-9119-0.3-82
4.3 *** 4.3-9119-0.3-19 4.3-9119-0.3-28 4.3-9119-0.3-55 4.3-9119-0.3-82
* SP50 
** SP30 
*** Span 80
All emulsions were clear at t=0, but after being held for 30min (0.5 h), emulsions 11- 
9119-0.3-82 and 6-9119-0.3-82 appeared highly turbid. Emulsion 11-9119-0.3-55 was 
also observed to be slightly turbid, meanwhile the rest of emulsions were still clear. 
After 1 h, emulsions 11-9119-0.3-55 and 6-9119-0.3-55 were observed to be lightly 
turbid while 11-9119-0.3-82 and 6-9119-0.3-82 were still highly turbid. Additionally, 
11-9119-0.3-82 exhibited a sediment layer. After 4 h, the sediment layers were 
observed in emulsions 11-9119-0.3-82 and 11-9119-0.3-55 along with a clear top 
liquid layer, hi contrast, emulsions 6-9119-0.3-82 and 6-9119-0.3-55 remained cloudy 
with visible sediment layers, which indicated that flocculation was in progress. At t = 
12 h, emulsions 6-9119-0.3-82, 6-9119-0.3-55, 11-9119-0.3-82 and 11-9119-0.3-55 
all exhibited bottom sediment layers and clear top liquid layers. Figs.2-18 compares
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the stability of emulsions in terms of the volumetric fraction of the sediment layer 
with %BD contents of 50%wt - 80%wt and with HLB = 11 and 6 surfactants.
18-
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Fig.2-18 Volumetric fraction of sediment layer (surfactant) of W/D/BD emulsions
with HLB (11 and 6) at 298K.
The extents of sedimentation increased (Fig.2-18) with increased blended biodiesel 
level, hi addition the flocculation rate was expected to be defined by HLB value.^^  ^A 
low HLB value means that the surfactant has greater hydrophobicity and this can 
induce a lower interfacial tension than one with a high HLB value; this will retard the 
droplet Brownian motion and leads to fiocculatioif^^. Hence, the HLB6 gave a slower 
flocculation rate.
Samples 6-9119-0.3-82, 6-9119-0.3-55, 11-9119-0.3-82 and 11-9119-0.3-55 all 
exhibited a sediment layer as mentioned above. This phenomenon of droplet 
aggregation is attributed to depletion fiocculation.^^^ This process is usually related to 
an increase in attractive forces as the concentration of colloidal droplets/particles 
(surfactant which will be explained as follows) increases, eventually becoming 
large enough to overcome the repulsive interactions between droplets and causing 
them to flocculate. Optical micrographs of depletion flocculation of sample 11-9119- 
0 .3-82  are shown in Fig.2-19; the left image is of the emulsion at t = 0 li (mean DLS 
droplet size = 90 nm), while the right image is of this sample at 60 min. Clearly,
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depletion flocculation has taken place. Droplets appeared to aggregate (see Fig.2-4). 
This is because the bigger droplets “stuck” firmly together.^^^
Fig.2-19 Optical micrographs of sample 11-9119-0.3-82 at t = 0 min (left) and 60 min 
(right) at 298K (scale indicated in image on right)
There are two comments on this instability. Firstly, as mentioned in section of 
1.2.2.1.1, it was necessary to remove water (ASTM D2709 required water 0.05(v)% 
maximum per litre) from the biodiesel; however, the separation of water from 
biodiesel is not as fast as with water from diesel. Simple diesel/water and 
biodiesel/water mixtures (200 ml) containing 30% (w/w) of water were prepared by 
high speed mechanical stirring at 8000 rpm for 5 min without surfactant or 
cosurfactant. The two samples were then kept motionless, in order to observe the rate 
of water separation from oil phase. Results are shown in Table 2-5.
Table 2-5 Extent of water separation from oil phase from mixtures as a function of
time at 298K
Samples 5 min 60 min 1 week
Diesel/HoO 100% 100% 100%
Biodiesel/H20 87% 96% 99.5%
This revealed that the water was separated from diesel much more quickly than from 
biodiesel. Water separation from oil reflects the water/oil interfacial tension; low 
interfacial tensions greatly reduce rates of water separation. Hence, the results in 
Table 2-5 indicate that the diesel/water interfacial tension is much greater than 
biodiesel/water which is consistent with measurements in other author’s work.^ 
Consequently, the biodiesel esters themselves must act as surface-active agents 
(surfactants) and form micelles that have non -  polar tails and polar h ead s .T h u s , in
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the W/O diesel/biodiesel microemulsions, when the biodiesel concentration increased 
(and diesel decreased), this is equivalent to the suifactant concentration increasing, 
which in tmii leads to depletion flocculation.’*^  ^ As a result, the sediment layers 
formed in samples of 6-9119-0.3-82, 6-9119-0.3-55, 11-9119-0.3-82 and 11-9119- 
0.3-55. However samples with Span 80 (as surfactant)
stabilised BD/D microemulsions regardless of BD concentration. Span 80 has been 
reported by some^^  ^to have a tendency (without separation) to fomi a stronger film 
that protects dispersion droplets. The interfacial film between the oil and water has a 
strength that is an important contributor to emulsion stability.^^^ Hence, it gave good 
W/O stability with diesel/biodiesel, since the strong film may protect the dispersed 
water droplets.
Overall, Span 80 showed a significant ability to stabilise W/O diesel/biodiesel 
emulsions and W/O diesel emulsions, hi contrast, the sucrose esters (Sp50 and Sp30) 
are rather more suitable for W/O diesel emulsions than W/O diesel/biodiesel 
emulsions.
Fig. 2-20 shows tlie initial droplet size (t = 0 and 30min) for all samples in Table 2-4. 
At t = 0 min, it is clear to see that droplet size was smaller and constant with Span 80 
as the biodiesel concentration increased. On the other hand, the droplet sizes with 
HLBll and HLB6 increased rapidly with increasing % BD: 2 nm (10%BD) to 90 nm 
(80%BD) due to the flocculation. This can be explained by the surfactant differences. 
When the surfactants were used with diesel alone, only the W/D emulsion can be 
formed. Nevertheless, when more biodiesel was introduced (and the diesel portion 
decreased), it may fomi either the W/D, W/BD or W/D (BD) microemulsions. As 
mentioned above (Table 2-5), the interfacial tension between biodiesel and water is 
relatively low. Thus W/BD microemulsions will not consume as much surfactant as 
W/D microemulsions. Hence, the increased biodiesel concentration leads to surplus 
surfactant (i.e. H LBll, HLB6 and Span 80). As mentioned above, the depletion 
flocculation process is usually related to an increase in attractive forces as the 
concentration of colloidal droplet/particles increases. In this study, these surplus 
surfactants can play the role as colloidal droplet/particles. More surplus surfactants 
will accelerate the flocculation rate; therefore, 11-9119-0.3-82 and 6-9119-0.3-82 
displayed greater diameters than 11-9119-0.3-55 and 6-9119-0.3-55. The Span 80 (as
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mentioned above) can provide a strong film given sufficient time to allow it to protect 
against flocculation with time. Thus, the W/D(BD) microemulsions with Span 80 can 
keep stable with the increased %BD. At t = 30min, the mean droplet sizes of sample 
6-9119-0.3-82, 6-9119-0.3-55, 11-9119-0.3-82 and 11-9119-0.3-55 further increased, 
which suggests some flocculation with time and is consistent with the observation 
shown in Appendix (A4-1 -  A4-3)
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Fgi.2-20 Mean droplet sizes of samples (defined in Table 2-4) deduced from DLS (nm) 
versus biodiesel concentration (%) at 298K at (a) t = 0 min and (b) t = 30 min
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2.3.2 Choice of Cosurfactant
T h e  c o s u r f a c t a n t  i s  a  n o n  -  i o n i c  m o l e c u l e  t h a t ,  w h e n  a s s o c i a t e d  t o  t h e  s u r f a c t a n t ,  
s t a b i l i z e s  t h e  i n t e r f a c i a l  l a y e r / ' * ^  T h e  c r i t e r i o n  f o r  c h o o s i n g  t h e  c o s m T a c t a n t  i s  i t s  
a b i l i t y  t o  f o r m  a  m i c r o  e m u l s i o n  w i t h  t h e  s e l e c t e d  s u r f a c t a n t .  A l i p h a t i c  a l c o h o l s  w e r e  
s e l e c t e d  b e c a u s e  t h e y  a r e  w i d e l y  u s e d  i n  m i c r o e m u l s i o n  s y s t e m s .  
N e v e r t h e l e s s ,  t h e r e  a r e  t w o  b a s i c  c o s u r f a c t a n t  t y p e s :  ( i )  d e g r e e  o f  b r a n c h  a n d  l e n g t h  
o f  a l k y l  g r o u p  ( e . g .  e t h a n o l  ( C 2 ) ,  2 - p r o p a n o l  ( C 3 ) ,  1 -  b u t a n o l  ( C 4 )  a n d  1 - p e n t a n o l  ( C 5 ) ) ,  
a n d  ( i i )  t h e  p o s i t i o n  o f  O H  g r o u p  i n  t h e  a l k y l  g r o u p  ( e . g .  1 - p r o p a n o l  a n d  2 - p r o p a n o l ) .
I n  t h i s  s t u d y ,  t h r e e  b a s i c  m i c r o e m u l s i o n s  w e r e  s t u d i e d  i n  w h i c h  t h e  s u r f a c t a n t s  w e r e  
H L B l  1 ( S P 5 0 ) ,  H L B 6  ( S P 3 0 )  a n d  H L B  4 . 3  ( S p a n  8 0 )  r e s p e c t i v e l y  w h e n  K m =  1 / 1  a n d  
D „ i =  8 / 2 .  T h e  t h r e e  s y s t e m s  c a n  b e  e x p r e s s e d  s i m p l y  a s  1 1 - 8 2 1 1 - x x ,  6 - 8 2 1 1 - x x  a n d  
4 . 3 - 8 2 1 1 -X X . T h e  s o l u b i l i z a t i o n  b e h a v i o u r  o f  t h e  s y s t e m s  w a s  s h o w n  i n  F i g . 2 - 2 1  a n d  
2-22.
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32 54 Q
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F i g . 2 - 2 1 .  V a r i a t i o n  o f  m a x i m u m  w a t e r  s o l u b i l i z a t i o n  w i t h  N a  ( t h e  c a r b o n  n u m b e r  o f  
a l k y l  g r o u p  o f  t h e  a l c o h o l )  f o r  W / D  m i c r o e m u l s i o n s
F i g . 2 - 2 1  s h o w s  t h e  s o l u b i l i z a t i o n  c a p a c i t y  ( e x p r e s s e d  a s  W m )  i n c r e a s e s  i n i t i a l l y  w i t h  
a n  i n c r e a s e  i n  t h e  a l k y l  c h a i n  l e n g t h  o f  t h e  a l c o h o l  u p  t o  b u t a n o l  ( f o r  H L B  1 1  a n d  6  
s u r f a c t a n t s )  f o l l o w e d  b y  a  d e c r e a s e .  N o  m a x i m u m  w a s  o b s e r v e d  i n  t h e  c a s e  o f  H L B  
4 . 3 .  C l e a r l y ,  a  s h o r t  a l k y l  c h a i n  a l c o h o l  ( C 2 )  h a s  a  p o o r e r  w a t e r  s o l u b i l i z a t i o n  t h a n  t h e
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other alcohols. This is because short alkyl chain alcohols are too soluble in the 
aqueous phase and they are therefore ineffective as cosurfactants. Clearly the 
length of the alkyl chain of surfactants, cosuifactants and oil influences water 
solubilization. This was interpreted as a structural “chain length compatibility” effect. 
The maximum amount of water which may be solubilized in such a microemulsion is 
when the BSO relation is met:^ "^ ^
No+Na=Ns (2-17)
where the oil chain length (carbon number. No), with the cosurfactant chain length 
(Na) equals the surfactant chain length (Ng).
In this system, the average main alkyl chain length of the oil is roughly No=13^^  ^and 
the average Ng value for the two sucrose esters (SP50 and SP30) is roughly 17^ "^ ’ and 
for Span 80 is 18.^ "^ ® Thus, the BSO equation suggests that the chain length of alcohol 
that will give maximum solubilization is 4 (i.e. 17-13) in the case of sucrose ester 
surfactants and 5 (i.e. 18-13) in the presence of Span 80. These conespond to 1- 
butanol and 1- pentanol. Thereby, results presented in Fig.2-21 can be explained in 
terms of the BSO equation, although it is limited for branched components (i.e. one of 
the limiting conditions of the inteiTelation of such molecules is that they should have a 
straight chain stmcture).^"^  ^Furthermore, diesel is a complex liquid which is composed 
of about 75% saturated hydrocaibons (primarily alkanes) and 25% aromatic 
hydrocarbons. Since the majority in the diesel is of straight chains this valid the use of 
BSO equation.
Fig.2-22 shows that water solubility in W /0 diesel emulsions is not detemiined by the 
position of the OH group in the COS alkyl chain (i.e. 1- and 2-propanol almost have 
the same solubilization capacity).The cosurfactant (COS), the author suggests, should 
be chosen for its poor affinity either for the continuous or dispersed phase.^^* The 
proper cosurfactant will migrate to the oil/water interface and fonn a mixed 
surfactant/cosurfactant film.^ ^® The COS causes a lowering of the interfacial tension 
during the formation of the dispersion. It is found ^^ t^hat the addition of alcohols to 
the fuel can also solve the problem of high viscosity. A long alcohol chain increases 
the interfacial rigidity which is related to the interfacial tension.Polyphasic media 
or liquid crystals media and shorter alcohols are favourable for a disordered interfacial
106
or liquid crystals media and shorter alcohols are favoui'able for a disordered interfacial 
film.^^* Therefore, propanol seems to possess the best amphiphilic balance.^^^ In tliis 
study 2-propanol was selected as cosurfactant.
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0 .2 5 , 0.75
O-SO,
0.75, 0.25
/  V ‘"2-proparioJ 
a i^ prapanol1.00
Û .Û Û 0.50 1.000.25 0.75
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Fig.2- 23. Influence of isomers of propanol on the H2 O solubilization capacity in W /0 
diesel emulsion with HLB 11, K„i=l/1 and D,„=8/2 at 298K. The axes of H2 O, Total
surfactant and D are in fractions.
2 . 3.3 Choice of Surfactant/Cosurfactant Ratio ( K m )  and 
Oil/Totai Surfactant Ratio ( D m )
2.3.3.1 Influence o f  and Dm on W ater Solubilization in 
W /O  D iesel E m ulsions
In order to obtain microemulsions, it is necessary to determine the optimum Km value 
that promotes the maximum level of water solubilization. In this study of the effect of 
Km, the emulsion system selected contained water/surfactant/isopropanol/diesel at Dm 
= 9/1 and different Km values (i.e. mass/mass which are 1/9, 1/7, 1/4, 1/2, 1/1, and 
2/1). The results of water solubilization for various Km and constant Dm with 
surfactants HLBl 1, 6 and 4.3 are presented in Fig.2-23.
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Fig.2-23 Maximum water solubilization (wt% H2O) at various Km with three
smfactants at 298K
From this figure one can see that when Km is increased from 1/9 -  2/1 for Sp50 
(HLB=11), Sp30 (HLB=6) and SpanSO (HLB=4,3), the water solubilization is 
enhanced. The increased Km values mean the increased surfactant concentrations 
which are able to contain more water and reduce the oil/water interfacial tension. It 
also can be found that the maximum % water improved from 0.5% to 2.5wt% for 
Sp30 HLB=6. However, for Span 80 HLB=4.3 the water level rose more modest 
(from 0.3% to 0.8wt%). hi oiu' study, 2-propanol was used as a cosurfactant even 
though it was not the optimum cosuifactant for SpanSO (Fig. 1-21 and other reports^^^). 
As a result, the cosurfactant was not able to reduce interfacial tension very well and 
this influenced the extent of water solubilization for SpanSO.
The maximum water solubility in single -  phase W/O diesel emulsions at 298K for 
three selected constant Km values (i.e. 1/9, 1/1 and 2/1) and various Dm (9/1, 8/2, 7/3 
and 6/4) values is shown in the ternary diagrams in Fig. 2-24. The area of 
microemulsion formation enlarged as Km values increased. It was also observed that 
when the diesel portion reduced and total surfactant level increased (Dm decreased) 
the water solubilization increased for each Km value. This was especially tme, in the 
case of Km=2/1, where the water solubilization increases to account for 25% of
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emulsion (w/w). In comparison there was only a weak increase in the case of K,n= 1/9 
compared to high Km value (1/1 and 2/1) as D,n decreases and it is only up to about 
5% of emulsion.
It is possible to conclude that high K,„ values (when there is more suifactant) result in 
high water solubilization in W/O diesel emulsions. Low Dm values indicate that high 
total surfactant concentration may also improve water solubilization. This conclusion 
is consistent with earlier data.^ "^^
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Fig.2-24. Influence of different Km values on the maximum H2 O concentration in the 
W /0 diesel emulsions containing water/Sp50 HLBl 1/isopropanol/diesel at three Km
values and 298K
2.3.3.2 Choice of for Stable W /O Diesel Emulsions
The influence of Km and D,„ on maximum water solubilization in W/O diesel 
emulsions is now considered. High smfactant concentrations lead to high water 
solubilization. However, whether a high Km value is right for W/O diesel emulsions, 
needs to be assessed. In order to answer this question, the optimum Km value was 
assessed in terms of emulsion stability as a function of time and temperature.
The surfactants used were sucrose esters (Sp50 HLB=11 and Sp30 HLB=6) and Span 
80 (HLB=4.3). Details on the emulsion samples studied are shown in Table 2-6,
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Table 2- 6 Emulsions containing water/ surfactant/ isopropanol/ diesel at constant 
Dm=9/1, water percentage and different K,n values (1/9, 1/4, and 1/1) that were studied
by turbidity
Sample
sequences
HLB Kni H2O (wt%) Mean droplet 
size 
(nm)±0.2nm
11-9119-0.3 11 1/9 0.3 1.23
11-9114-0.3 11 1/4 0.3 1.15
11-9111-0.3 11 1/1 0.3 1.03
6-9119-0.3 6 1/9 0.3 1.32
6-9114-0.3 6 1/4 0.3 1.03
6-9111-0.3 6 1/1 0.3 0.80
4.3-9119-0.3 4.3 1/9 0.3 1.65
4.3-9114-0.3 4.3 1/4 0.3 1.42
4.3-9111-0.3 4.3 1/1 0.3 1.37
The emulsion stability was analysed by DLS (0,1 nm-1 pm droplet size changes) with 
a Malvern Zetasizer Nano ZS or UV-vis turbidity measurment. The floe droplets 
formed were usually > 1pm and so emulsion tuibidity was preferred. The emulsion 
turbidity was expressed by the wavelength exponent (z) which is sensitive for the 
droplet size changes. A rapidly decreasing wavelengtli exponent indicates a fast 
growth in particle size, while an unchanging or relatively slow changing wavelength 
exponent indicates a stable emulsion. The calculation of z was undertaken in the 
following way:
The turbidity is given by:
(Eq. 2-18)
where lo and I represent intensities of the incident and transmitted beams, and 1 is the 
optical patli length (1cm). The absorbance is expressed as:
A  = ln 2
lo (Eq. 2-19)
Hence, turbidity in Eq.(2-13) is given by:
T= A xln lO  (Eq. 2-20)
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Fig.2-25 gives the original absorbance and turbidity plots for sample 11-9119-0.3 at 
298K in the wavelength range 380 nm -  480 nm.The emulsion has a turbidity that was 
greater at the shorter wavelength (380 -  480 nm).^^  ^This is because the scattering 
efficiency of droplets with this diameter (r ~ 1 pm) decreases with increasing 
wavelength.^^^ Fig.2-26 is the plot of this sample wavelength exponent (z) which is 
defined in section of 2.1.6. It was indicated by the slope of the linear fit. This sample 
was of a clear appearance (Fig.2-27).
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Fig.2-25 Absorbance and turbidity plot for sample 11 -9119 -0.3 at 298K
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Fig.2-26 Wavelength exponent plot for sample 11-9119-0.3 at 298K
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Fig.2-27 Visible appearance of sample 11-9119-0.3 at 298K
The changes of the wavelength exponent (for samples listed in Table 2-6) as function 
of time are plotted in Fig.2-28.
Since z is constant Km- 1/9 gave stable emulsions for all three surfactants over long 
periods of time at 298K. However, destabilization appeared for Km=l/4 and 1/1 when 
the sucrose ester surfactant concentration increased. The same trend in Fig 2-28 (a) 
and (b) are clear; the wavelength exponent decreased sharply until a certain time. The 
higher concentration of sucrose ester led to z value reducing quickly. Plot (c) in Fig.2- 
28 showed a stable z value with time in the presence of Span 80 regardless of the 
surfactant concentration. The destabilization for sucrose esters may mean that the 
sucrose ester at high concentrations was able to form a highly viscous gel -  like 
continuous medium. It was formed by the long alkyl chains of neighbouring sucrose 
esters that can overlap to a high degree and the strong overlapping must cause steric 
hindrance and an increase friction This structure acts as a hydrodynamic barrier to 
the disruption of the dispersion and results in strongly decreasing values of droplet 
diffusion coefficient D which responds to an increase in the collision radius and 
results in f locculat ion.Span 80 possesses a long double bond chain in its structure 
that has poor chain flexibility.^^^ This can suspend the chain overlap. As a result, the 
z values remain constant even though its concentration is raised. The Langmuir plot in 
Fig.2-29 also proves the poor chain flexibility for Span 80. The Langmuir 
measurement (Lauda FW-2) was undertaken at 298K on a surface of de-ionised water. 
The monolayers were compressed over 5 min.
112
R
(Z) luauodxg mGiiaigAeM
I
CN
aI
§o
I IIS
rI
1IIL
I I
Jm K I
O>r>a,oo ^  ^  SCN <3 CO o
ig 'gin
0
Î
1
.5
I?
V1
I
1
(Z) uoiiodx3 iii6ua|5AeM R ?
CO CO CO9 9 9
i l l^ Sf
ii Ô 4 I : I
(Z) uieuodxg L|iDua|eAB/v\
g  60
z
I
HLB5 (Sucrose e s te r  sp30)
- 4 0
la>
20
HLB4.3 (Span 80)
2 0  4 0
Area per molec«le/Â^
60
Fig.2-29 The surface pressure -  molecular area curves of Span 80 at 298K
(lÂ=0.1iim)
Span 80 did not exhibit an obvious collapse compared with the HLB6 curve in Fig. 2- 
29, which indicates these molecules cannot tolerate compression well and result in 
decreased chain flexibility.
It is well known that the T stability of emulsions is an important parameter. 
Experiments were also undertaken using the tui'bidity measurements at 298K, 293K, 
288K, 283K, 278K and 273K respectively. The emulsions in this study have been 
defined as: water/ surfactants /isopropanol/diesel which contain Km =1/9 which has 
been proven in the last section to be stable for all three surfactants at 298K, Dm= 9/1 
and water at 0.3% (11-9119-0.3, 6-9119-0.3 and 4.3-9119-0.3). The wavelength 
exponents (z) rose with increasing temperature (in Fig.2-30).
Between 298K and 288K, the z values for these three microemulsions (11-9119-0.3, 
6-9119-0.3 and 4.3-9119-0.3) showed weak T - dependence. As the temperature 
dropped further, the microemulsions with sucrose esters (Sp50 and Sp30) exhibited a 
significant reduction in z value (i.e. in the case of Sp50, the z values reduced to 
around 2.5 at 273K from 14 at 298K which is roughly a 82% reduction). This result 
indicates the droplet sizes increased significantly. This change revealed that the water 
droplet size in the continuous phase increased remarkably. On the other hand, the 
microemulsion with Span 80 only showed a weaker T-dependence at 273-298K 
which indicates tire water droplet size did not change greatly.
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Fig.2-30 Wavelength exponent changes with temperature variation at t=0
Often solutes show a reduction in solubility with decreasing temperature; in an 
emulsion, the water and the surfactants can be considered as the solutes which may 
separate out the oil phase with a temperature decrease and induce a loss of stability. 
Span 80 (HLB 4.3) showed a good stability with temperature change. This is based on 
a general rule: If more lipophilic smfactants are used the mixing ratio of surfactant at 
the water -  oil interface is not changed over a wide range of temperature and leads to 
form a temperature -  insensitive emulsion.^* '^
2.3.3.3 Choice o f D,„ for W /O Diesel Emulsions
As mentioned in section 2.1, stable W/O diesel emulsions were prepared with the aim 
of engine testing in order to observe their effect on emissions. So, Dm had to be 
resti'icted because of the current engine operation design. The author previously 
prepared the W/O diesel emulsions where the diesel accounted for 90%, 80% and 
70%. The diesel engine ran well in tlie presence of 90% and 80% diesel but less well 
with 70%. For this reason, the range of Dm values was restricted to 9/1 or 8/2. The 
systems involved in this case contain water /surfactant /isopropanol/diesel with 
Km=l/9, Dm=9/1 or 8/2 and water at 0.3%. The results of changes in stability with 
time are shown in Table. 2-7.
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The W/O diesel microemulsions with Km = 1/9 and Dm = 9/1 and 8/2 prepared in 
Table 2-7 had a good stability without phase separation over months (i.e. DLS 
indicated that in the long term there was no significant change in the mean droplet 
sizes, all were lower than 3nm). The good stabilities performed by all samples with 
these three surfactants suggested that Dm values of 9/1 and 8/2 should be chosen for 
all further research.
2.3.4 Choice of Water Content for W/O Microemulsions
The water content in the microemulsions plays a significant role. In order to assess the 
influence of the water in W/O diesel emulsions, these were studied at Km= 1/9, Dm = 
1/1, sucrose esters surfactants (Sp50,Sp30) and Span 80, at water levels of 0.5%, 1%, 
1.5%, 2% and 3%, The samples studied here were 4.3-1119-0.5, 4.3-1119-1.0, 4.3- 
1119-1.5, 4.3-1119 -2.0 and 4.3-1119-3.0. Fig.2-31 shows the photography for these 
samples. The mean droplet size and size distribution were measured by DLS at 298K 
(see Fig.2-32).
L
Fig.2-31 W/O emulsion appearance with various water contents (0.5%, 1%, 1.5%, 2%
and 3% from left to right)
The increase in mean droplet size in Fig.2-32, with increasing water levels (especially 
at 2-3% H]0) show that at the point of 3%, the water percentage is beyond the phase 
boundary, which cannot form the one phase W/O microemulsion. Fig.2-31 proves the 
visual changes in the emulsion. In addition, the droplet size distributions were found 
broader with increased water content. A narrow size distribution indicates the droplets
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are dispersed uniformly in the emulsion.^^^ Hence, the broad size distribution of 4.3- 
1119-3.0 revealed that the water dioplet dispersed had a wide size range in emulsion,
which can result in the coalescence. 263
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Fig.2-32 Changes of mean dioplet size (d) and size distributions with varying water 
content at 298K (intensity means light scattering intensity)
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Shah et al demonstrated that the solubilization and phase equilibria of W/O 
microemulsions are dependent on two parameters: namely the spontaneous cuivature 
and elasticity of the interfacial film when the interfacial tension is very slow. The 
spontaneous curvature of an interface is basically determined by the geometric 
packing of surfactant and cosuifactant molecules at the interface, whereas the 
interfacial elasticity is related to the energy required to bend the interface (attractive 
interactions between droplets in the system). The growtli of droplets with 
solubilization of water is limited by either of two factors: the spontaneous radius (R°) 
of the water -  oil interface, and the critical radius (R )^ which limits the increase of 
droplet size due to interdroplet attractive interactions. A microemulsion becomes 
unstable when its droplet radius is larger than R° or R .^ In this case, the droplet size 
increases with %water^*' .^ For a fixed amomit of surfactant, this can be understood as 
a result of the need to incorporate more of the polar solvent in the droplets, at a fixed 
total interfacial area, leading to an increase in their radii. Destabilization is attributed 
to an increase of water level beyond the phase boundary which leads to a decrease in 
the interfacial film thickness. In this situation, the coalescence mechanism can take 
place more easily than other mechanisms.^ '^^ Finally, water/oil phase separation 
appeared in sample 4.3-1119-3.0 which is distinguished by a sediment settling out 
(by depletion flocculation mechanism described previously).
The samples 4.3-1119-0.5, 4.3-1119-1.0, 4.3-1119-1.5, 4.3-1119-2.0 and 4.3- 
1119-3.0 were treated with various temperatures (278K, 288K, 298K and 313K) and 
their mean dioplet sizes were measured by DLS (see data in Fig.2-33).
Clearly at 313K, the water mean droplet sizes were constant (<10nm) for all samples. 
At lower temperatuies, the water droplet size rises with increasing %H20. At 3% H2O, 
as the temperature dropped from 313K to 278K the dioplet size rose to 450 nm at 
278K. As the water percentages decreased, the droplet sizes differences between high 
and low températures were smaller. Especially, when the %H20 is down to 0.5%, 
there is no obvious droplet sizes difference observed from 313K to 278K. The 
sensitivity of the droplet size to the temperature can be explained as follows: when 
temperature rises, the thermal energy introduced to molecules’ droplets is increased 
and a sufficiently large repulsive interaction was formed to prevent the droplets from 
coming into close contact.^^^ As a result, the coalescence was suspended. Additionally,
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the low %H2 0  resulted in a low dispersion of droplet molecule concenti*ation;the 
distances between droplets were therefore intrinsically wide, and not influenced 
significantly by temperature change (the low dispersion concentration in emulsion 
seems temperature -  insensitive).
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Fig.2-33 Droplet size changes following the various temperatures for samples 4.3- 
1119-0.5, 4.3-1119-1.0, 4.3-1119-1.5, 4.3-1119-2.0 and 4.3-1119-3.0
The stability of W/O diesel microemulsion samples 4.3-1119-0.5, 4.3-1119-1.0, 4.3- 
1119-1.5, 4.3-1119-2.0, 11-1119-2.0 and 6-1119-2.0 with various %H20 and 
smfactants was showed using DLS at 298K over a long time periods (see Table 2-8).
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Over long periods of time, no phase separation was seen in these samples. The DLS 
measurement showed that there was no obvious change in water droplet size for any 
sample (regardless of the %HiO or surfactants used). It is concluded that as long as 
the %H2 0  is in one microemulsion phase, the emulsion will have good stability (the 
microemulsion is themiodynamically stable).
2.3.5 Properties of W/O Emulsions
The physical properties of W/O diesel/biodiesel emulsions may influence engine and 
engine emissions to the environment. Conductivity is important because in a low 
conductivity fuel electrical charges can accumulate and ultimately lead to dissipation 
in the form of a spark.^ ^® Viscosity and surface tension are relevant to the ignition of 
fuels. Hence, it was essential to understand the influences of wt%H20 or K,n on the 
emulsion’s physical properties (see Table 2-9).
Comparing samples (F), (H) and (I) in Table 2-9, it is observed that an increased 
%H2 0  leads to raised electiical conductivity and density because water has a higher 
ionic charge and density than oil. It was also found that the viscosity increased with 
rising %H2Û value. Whereas, the viscosity of H2O is just 0.8 mPa s, as explained by 
Taylor, the fraction of water (or other immiscible liquid) dispersed in the 
continuous phase increased the viscosity of the emulsions because the dispersed phase 
behaves like beads (and so increased the friction). Varying (see sample (A), (F) 
and (G)) did not change the electrical conductivity and density significantly. However, 
the viscosities changed with Km; tliis is attributed to the depletion flocculation during 
the viscosity measurement; this drastically affects the viscosity. Different COS type 
(sample (A), (J) and (K)) did not affect density, but did affect conductivity and 
viscosity due to the alcohol carbon length. The variations of density, conductivity and 
viscosity were observed in the case of different Dm values compared to sample (A), 
(D) and (E), which decreased witli the decreasing diesel portion. The viscosities 
change with 2-propanol (see Fig.2-34), i.e. the viscosity decreased in the presence of 
2-propanol. Pure alcohols have poor corrductivity and especially 2-propanol.^^® Hence, 
lower Dm caused the density, conductivity viscosity to fall strongly. The reverse trend 
can be observed at different biodiesel ratios (compare with sample (L), (M), (N) and
(O)). When the percentage of biodiesel increased, the density, conductivity and
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viscosity also increased, due to: (i) biodiesel having a higher density than diesel,^^  ^
leading to higher flow resistance (Fig.2-34); and higher viscosities, (ii) biodiesel 
(FAME) have relatively high conductivity^^^. In addition, compared witli samples (A), 
(B) and (C), the physical properties were not influenced by the surfactant type 
because the surfactant concentration was low, while other parameters were kept 
constant. Finally, for the samples in Table 2-9, (A)-(E) are W/O diesel 
microemulsions and (F)-(K) are W/O diesel emulsions (unstable microemulsions). 
The conductivities and densities did not show obvious differences for these samples, 
but the emulsion viscosities were all greater than the microemulsion samples. The 
obvious increased viscosities indicated that droplet aggregation took p l a c e . T h i s  
aggregation was induced by the flocculation due to the high Km value which has been 
explained in the section of 2.3.3.2.
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Fig.2-34 Viscosity changes with diesel blends with BD and isopropanol respectively
at 298K
Surface tension is defined in section 2.2.4. Table 2-10 displays the contact angles (0) 
and siu'face tensions (y) of biodiesel, diesel and diesel emulsions. From this Table, it 
is clear that the surface tension of water is greatest in the six samples (72mN m'^). 
Biodiesel, diesel and isopropanol displayed similar surface tensions (24-27 inN nT*) 
that were much less than water. The two microemulsion samples showed the lowest 
surface tensions in Table 2-10; this is because the microemulsion contains surfactant 
and cosurfactant (2-propanol) both of which are reported to be able to reduce the
123
surface tension/^"* As a result, microemulsion has a lower surface tension which is 
positive to fuel combustion. Additionally, in comparison witli the two microemulsion 
samples, it was found that increased wt%H2 0  is attributed to higher surface tension.
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Chapter 3 Engine Emissions
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3.1 Diesel Emissions Introduction
3.1.1 Diesel Engines, Fuel Economy and Emission 
Législation
There is evolving national and international concern about the increasing levels of 
environmental pollution, especially from vehicle engines.Typically, a petrol engine 
will produce around 2.3 kg of CO2 for each litre of fuel consumed. A diesel engine on 
the other hand produces 2.8 kg of CO2 for each l i t r e , b u t  diesel engines often 
achieve greater fuel efficiency than petrol engines; a common margin is 40% more 
miles per volume of fuel for diesel. Table 3-1 shows the maximum emission 
standards set for both diesel and petrol vehicles (passenger car) in the U . S . A . , t h e  
EU^^'and many other countries (i.e. China^^^). Fig. 3-1 shows the rate of 
displacement of petrol engines by those of diesel in the thus the consumption
of diesel has seen a significant increase in the recent years.
Table 3-1 EU, U.S.A and China emission standard for passenger car^ ^^
EU IV (g/km) CO HC+NOx HC NOx PM
Gasoline (petrol) 1.00 - 0.1 0.08 -
Diesel 0.5 0.3 - 0.25 0.025
U.S.ATierll (g/mile)* CO ECHO NMHC NOx PM
Gasoline (petrol) 3.4 0.015 0.075 0.11 -
Diesel 3.4 0.015 0.075 0.11 -
China State Phase III 
(g/km)
CO HC+ NOx HC NOx PM
Gasoline (petrol) 2.3 - 0.2 0.15 -
Diesel 0.64 0.56 - 0.5 0.05
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Fig.3-1 Petrol and diesel vehicle sales in
The first diesel engine was invented by German engineer Rudolf Diesel in 1892 and 
was fuelled by peanut oil.^^° It was during the 1920s that diesel engines were altered 
to utilize the lower viscosity of the fossil fuel residue, rather than a biomass-based 
fuel; meanwhile the engines became small enough to be mobile with a new injection 
pump designed. In 1936, Mercedes Benz built the first automobile with a diesel 
engine-Type 260D.^*  ^From that time, diesel engines have been used mostly for heavy 
duty vehicles and boats because of their high torque output and have played an 
important role in world traffic. Recently, in order to match tougher emission standards, 
newly designed engines and novel diesel fuels have been introduced. Novel diesel 
fuels include biodiesel and modified diesel. Here the author has concentrated on 
biodiesel modified by the inclusion of a low concentration of water as a 
microemulsion.
3.1.1.1 Diesel Engine Concepts and Terms
(i). Compression and spark ignition
Compression ignition relates to a system in which fuel is injected into air in the 
combustion chamber that has been compressed to a temperature high enough to cause 
igni t ion.This  is used by diesel engines. Spark ignition refers to petrol engines, 
where the fuel air mixture is ignited with a spark.
(ii). Direct and indirect injection
Indirect injection refers to fuel injection into a prechamber, connected with the main 
cylinder. Combustion takes place in the prechamber and the high pressure is then
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released to the main cylinder.^®  ^Therefore, a lower engine efficiency (t)) is obtained, 
due to heat losses to the cooling system. Direct injection is when the injection nozzle 
is placed inside the combustion chamber and the piston incorporates a depression 
where combustion takes place.^*  ^Compared with indirect injection, dhect injection 
diesel engines are often more efficient and cleaner. Therefore direct injection design 
has been used widely in modem diesel engines.
(iii). Other terms
Crank angle is the angle between the crank and some reference direction^ '^^; it is 
specifically the angle between the crank slider and a line between the crankshaft and 
the piston. Engine output power is defined by the combustion pressure in the cylinder, 
which strongly depends on the crank angle (see Fig.3-
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Fig.3-2 Typical pressure versus crank angle curve286
Brake specific fuel consumption (BSFCl (g KW'^h'*) is a measure of the engine fuel 
consumption relative to the engine power output:
BSFC = Fuel rate/Power (Eq. 3-1) 
where the fuel rate is the fuel consumption (g h'*) and power is produced in kilowatts 
(KW).
Thermal efficiencv ( 7) ) is a measure of the efficiency of converting fuel to energy 
where useful work as defined^^  ^by
7] = W Q  (Eq. 3-2)
130
where W is output energy and Q is the heat supplied. r\ indicates the amount of energy 
in the fuel that is used by die engine to produce power and the amomit of energy lost 
through heat. Typically a diesel engine has a greater 7/ than a gasoline one.
Combustion Efficiencv tCEl is the ratio between the energy actually released and 
theoretical energy per kg of fuel. Normally it can be calculated^^^ fi'om 
C.E = (CO2)/ ((C02)+(C0)) * 100% (Eq. 3-3) 
where C.E is the combustion efficiency, (CO2) is volume concentration of CO2 (ppm) 
and (CO) is die volume concentration CO (ppm) in the exhaust. The chemistry of the 
fuel, the temperature of output gases and CO2 concentration are the three main factors 
impacting on CE.
Engine load is the percentage measure of how hard an engine is working. The engine 
load is usually measured by taking a reading fi-om the inlet air flow.^^^
3.1.1.2 Classification o f D iesel Engines
The cylinder arrangement in a diesel engine can be classified as horizontal or vertical 
and based on 2 -  and 4 — stroke cycles. Basically a 4 -  stroke engine includes intake, 
compression, combustion and exhaust foui' steps and engine fires on every other 
revolution. On the other hand, the 2 -  stroke engine fires on every revolution, 
because intake and exhaust are both integrated into the compression and 
conibustion.^^® Cunently, the 4 — stroke engines are mostly used for automotive and 
industrial puiposes today, because they are more fuel efficient and clean burning than 
the 2 -  stroke engine.
3.1.1.3 Principle o f Diesel Engine Operation
In a diesel engine the conversion of chemical energy to mechanical energy moves the 
piston within the cylinder. The pistons are connected to the engine’s crankshaft, 
which changes their linear motion into rotary motion that is needed to propel the 
vehicle. The 4 -  stroke is a more efficient diesel engine that involves drawing air into 
a cylinder as the piston creates space for it by moving away from the intake valve (see 
Fig.3-3^^'). The piston’s subsequent upward swing then compresses the air, heating it 
at the same time. Next, fuel is injected under high pressure as the piston approaches
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the top of its compression stroke, igniting spontaneously as it contacts the heated air. 
The hot combustion gases then expand, driving the piston downward in the power 
stroke. During its returning swing, the piston pushes spent gases from the cylinder, 
and the cycle begins again with an intake of fresh air.
Diesel Fuel Ignition
kiM i* Rm4 E tfv u H  \Mr* WM
Fig.3-3 Schematic representation of engine work293
3.1.1.4 Laboratory Engine Characteristics
The experimental investigation here was conducted on a single cylinder (ET -186) 
direct injection, air -  cooled diesel engine (see Fig.3-4). This was a naturally aspirated 
air-cooled, four stroke engine, with a bowl -  in -  piston combustion chamber. All the 
combustion chamber components (head, piston, liner etc.) were made from aluminium. 
A three-hole injector nozzle (each hole having a diameter of 0.25 mm) was located in 
the middle of the combustion chamber head. The technical data of the engine are 
given in Table 3- 2 (see below).
Some modification to the fuel tank, brake and emissions pipe (see Fig.3-5) was 
necessary for research purpose. The original fuel tank was replaced by a new fuel 
container for the different fuel sources. The brake was changed in order to meet the 
different engine loads and a new emission pipe was introduced for the purpose of 
exhaust analysis.
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Table 3- 2 ET -  186 diesel engine speciality
Engine type Single -  cylinder, vertical, 4 -  stroke, air -  cooled
Bore/stroke (mm) 86/70
Engine speed (rpm) 3000/3600
Combustion system direct injection
Displacement (cm^) 406
Maximum output (HP)* 8.8/9.5
Continuous output (HP) 7.7/8.6
Power take -  off crankshaft or camshaft
Starting system recoil or recoil/electric
Fuel tank capacity (dm^) 5.5
Lube oil capacity (dm^) 1.65
Dimensions (mm) 417 x470 x494
Net weight (kg) 48
HP (horse power) is the name of power; 1 HP = 745.69W
Fig.3-4 ET -  186, air -  cooled diesel engine
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(a) ( b ) (c)
Fig.3-5 Modified (a) fuel tank, (b) engine load system and (c) emission system
The Table below shows the relationship between various loads and rpm values for the 
engine measured by handle rpm counter.
Tab e 3-3 Engine rpm with different en gine loads
Engine Load (%) 0 25 50 75
rpm 3200 3150 3100 3200
3.1.2 Diesel Engine Pollution
Over 400 different gaseous and fine particulate phase organic and inorganic 
compounds are known to be emitted from a diesel engine.Combust ion of fuel in 
the diesel engine results in the formation of a complex mixture containing hundreds of 
organic and inorganic constituents in the gas and particle phases. The most abundant 
of these are listed in Table 3-4 and 3-5 source (US Environmental Protection Agency 
2002)^ ^^
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Table 3-4 Major gas phase components of primary diesel emissions293
Gas Phase Compounds
Inorganic compounds
NOx (mostly NO + NO2) 
SO2
CO, CO2 
Ammonia
Organic compounds
Alkanes and Cycloalkanes (C2 -  C2 0)
Alkenes (C2 -  C4)
Carboxylic acids (Ci -  C 3 )
Monocyclic Aromatic Compounds
Polycyclic aromatic hydrocarbons (PAH) ( 2 - 4  ring)
Alkyl -  PAHs (2 to 3 ring)
Phenols
Carbonyl Compounds
3.1.2.1 Gaseous Pollutants
CO2 and CO are produced in tire exhaust as the result of complete and incomplete 
combustions/^"^ Nitrogen oxides (NOx) are generated from nitrogen and oxygen under 
high pressure and temperatine during the combustion. NOx mostly consists of nitric 
oxide (NO) and partly of nitrogen dioxide (N02).^^^ Diesel exhausts also contain some 
SO2 due to the presence of sulphur in diesel fuel. Approximately 98% of this sulphur 
is emitted as SO2 and 2% as particulate sulphate. Gas-phase organic (HC) 
compounds result from the incomplete combustion of fuel and fii'om engine lube oil, 
which include a variety of alkanes, alkenes, aromatics and their oxygenated 
analogues.^^^
CO2 is the main greenhouse gas. CO can cause headaches, dizziness and lethargy and 
death in high concentrations. HC impacts on the eyes and has a negative environment 
effect (i.e. within smog). SO2 is the main contributor to acid rain and NOx is also a 
serious environmental concern also due to its role in smog.^^^
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3.1.2.2 Diesel Exhaust Particles (DEPs)
111 recent years, there has been a progressive increase in urban air pollution, 
characterized by high concentrations of atmospheric diesel exhaust particles 
(DEPs)/^^ This is primarily a result of a steady increase in the number of automobiles 
worldwide, particularly diesel -  engine -  powered cars.
The particulate phase is diesel exhaust particles, which are very small (i.e. 90% (by 
mass) are less than 1 pm) and respirable. Diesel particulate matter (DPM) is a 
complex aggregate of solid and liquid material which is composed of carbonaceous 
particles generated in the engine cylinder dming combustion and combined with other 
organic and inorganic components (see Table 3-5)^^^. Fig.3-6 illustrates a typical 
composition for diesel exhaust particulates. As a result DPM is considered to be a 
human carcinogen, based on limited evidence of carcinogenicity from studies in 
humans, which indicates increased lung cancer rates. The fine particles (PM2.5) in 
DPM are of gieatest concern to health, since they are breathed into the lungs most 
deeply and contain large amounts of toxic compounds.^®  ^On the other hand, coarse 
particles cannot be breathed deeply into the lungs and do not contain so many toxic 
compounds because the particles are composed mainly of inert soil dust.^ ®^
The incomplete combustion of fuel and lube oil results in partially oxidized products 
such as CO and oxygenates. However, in the flame region where oxygen is highly 
deficient, and at high temperature and pressure, the hydrocarbons can undergo a series 
of transformations leading progressively to highly hydrogen -  deficient 
h y d r o c a r b o n s . T h e y  are at the origin of soot particles. In case of aromatization, 
the condensation of several cycles also leads to the formation of polyaromatic 
hydrocarbons, which are usually trapped on the soot, together with unbumt 
oxygenated hydrocarbons, hi general, with various engine loads, the particulates 
emissions decreased with increasing excess air ratio.
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Fig.3-6 Composition of typical diesel exhausts particulates (DEPs)^®  ^and typical size
distribution of the DEPs^^^
Several previous studies have reported measurements of DPM size distributions 
which can use differential mobility spectrometers (DMS), scanning mobility
particle sizer (SMPS)/®^ dynamic light scattering (DLS)^'" or differential mobility 
analyzer (DMA).^" The typical size distributions of DMPs are shown in Fig.3-6. 
Most DPMs are 0.05 to 0.7 pm in size, centered at about 0.2 pm. The aggregate 
carbonaceous particles with associated organic materials are mostly in this state. 
The nuclei mode consists of DEPs in the 0.005 to 0.05 pm diameter range, centered at 
about 0.02 pm; these are formed during exhaust dilution and cooling.^^^ The coarse 
size mode (accounting for 5 -  20% of diesel exhaust particle mass) contains 
accumulation mode particles that have been deposited on the cylinder and exhaust 
system surfaces. Furthermore, the DPs fractal dimensions can be calculated 
according to the Eq.3-4^'^
310
Hpp « (  ——  )
dpp (Eq.3-4)
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where ripp is the number of primary particles in the agglomerate, which is proportional 
to the mass of the agglomerate; dm is the mobility diameter of the agglomerate, which 
can be obtained by the above mentioned technologies (i.e. DMA), dpp is the diameter 
of the primary particles and Df is usually called fractal dimension. The mobility 
diameter (dm) is the diameter of a sphere that has the same drift velocity in an electric 
field as the particle under s t u d y . T h e  reported Df values for diesel particles are > 
2 3 1 5 , 3 1 6 , 3 0 9  author also calculated the Df in interim reports with image analysis 
(see Appendix-5)^and the obtained Df were 1.4 which is smaller than reported 
values. The reason is that image analysis is reported to be only suitable for the case of 
Df< 2.^^  ^Therefore, the method of image analysis is not especially good for the case 
of diesel particles. Cuirently, the surface and bulk properties of diesel soot have been 
studied by combined inelastic incoherent neutron scattering (INS), secondary ion 
mass spectrometry (SIMS) and X -  ray photoelectron spectrometry (XPS).^^^ XPS 
results yield siuTace compositions and SIMS experiments yield the C/H fr agmentation 
behaviour" of the siuTace, and the near* -  surface regions, of the soot before and after- 
extraction.
Table 3-5. Major par'ticle components of primary diesel emissions 2 9 9
Particle Phase Cornpomids
Inorganic
elemental carbon (EC) 
sulfates, nitrates 
trace metals 
water
Organic
alkanes and cycloalkanes (Ci6 -  Cse) 
n -  alkanoic acids and diacids 
n -  alkenoic acids 
aromatic acids and diacids
PAHs ( 3 - ^ 6  ring)
alkyl -  PAHs ( 3 - 5  ring) 
oxy -  PAHs 
nitro -  PAHs 
heterocylic compounds 
hopanes/Steranes
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3.1.3 Decreasing Pollution from Diesel Engines
The reduction of particulates emissions is a complicated problem that will require 
multiple answers and new technologies. Two main approaches will be discussed here. 
The first one is to avoid the formation of the soot. The second is to treat the soot after 
its formation, (tire latter depends on improvements in catalytic engineering).^^®
The influence of diesel fuel composition on the different exhaust emissions has 
already been established.^^* There is a relationship between fuel properties and 
particulate emissions. The heavier fuels emit more particulates than light o n e s . A s  a 
consequence, one way to lower pollutant emissions is to improve the refining process 
to produce cleaner fuels. Another possibility, successfully tried, is an improvement in 
lubricant oil usage (i.e. less consumption in lubricant oil).^*^hi addition, improving the 
combustion of the fuel in the engine can decrease pai’ticulate emissions with
. 323increasing excess air.
3.1.3.1 Diesel Particulate Filters (DPF) and Fuel -  borne 
Catalysts (FBC)
Cunently, the general way to decrease soot in diesel exhaust is to trap or (and) bum it. 
hi theory, the first efficient mode to remove a maximum of soot particles would be to 
filter the smoke. Ceramic filters appeared in the early 1980s.^ '^*Made of cordierite, 
monoliths of cellular ceramic honeycombs are with square -  shaped cells. When it is 
put in the exhaust pipe, it can trap more than 90% of the emitted particles.M etallic 
filters, consisting of knitted stainless steel wire with a graduated structure in order to 
trap finer particles were also t e s t e d . T h e  geometiic configuration and the container 
assembly are considered to be important parameters in particulate collection 
efficiency and thennomechanical characteristics. DPFs have been installed in 
vehicles with diesel engines widely since 1996.^^^
However, the essential problem in filtering is that the filter becomes very rapidly 
saturated and the increase in the back -  pressure progressively stops the nonnal 
rumiing of the engine. Recently a new technology - a regenerated filter system has 
been developed and introduced in commercial applications. For example PSA Peugeot
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Citroen successfiilly launched the first diesel particulate control system on its 607 
series in 2000.^^  ^Basically regeneration (i.e. the process of removing trapped soot by 
means of oxidation) can involve a fuel - additive catalyst which may lead to the filter 
efficiencies of over 90%. Fuel -  additive catalysts are those that are soluble in the fuel 
(i.e. metallic naphthenates or acetylacetonate).^^® They have the purpose of reducing 
diesel particulate matter combustion temperatuie, and particularly, the regeneration of 
the particulate filter.^^* These are also called fuel - borne catalysts (FBC). CuiTently, 
there are two main commercial FBCs approved by Swiss BUWAL and the EU which 
are EOLYS™ (cerium based) and SATACEN™ (iron -  based) respectively.^^^ The 
presence of Cu and Mn with a concentiation of 0.1 to 0.2 g dm'^ were found to 
improve soot buming.^^^”’’''* Calcium and barium additives were also tested.
Principally the additive should not harm the engine or human health and should not 
affect the properties of diesel fuel. It should however lower the oxidation temperature 
of diesel particulates.^^® The role of catalysts during the soot oxidation is to favour 
either the O2 adsorption or the formation of the sm'face oxygen complexes (SOCs), 
without profoundly changing the kinetic mechanism (i.e. the activation energy of 
reaction should not be affected significantly).^^^
Microemulsion fuels provide a great opportunity which may allow water-soluble 
catalysts to be used in fuels (i.e. in the microemulsions), hi this section water-borne 
catalysts (WBCs) have been studied for diesel particle emissions reduction 
perfoimances, compared with FBCs. As far as the author knows, there are no reports 
about the fuel additive catalysis in water phase and its catalytic performance fuelled 
with diesel engine.
3.1.3.2 W /O W ater-in-Oil Em ulsions/M icroem ulsions as 
Fuels
One of the direct advantages of microemulsion-based diesel fuels when water is 
present in a stable microemulsions that they successfully reduce soot formation. The 
main reason for a strong interest in water incorporation in diesel is that the high 
combustion temperatui e and pressure in diesel engines can be lowered.
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The water vapourizes during the combustion. This lowers the heat released and so the 
combustion temperature. As a direct consequence, the emission rate of gases like NOx 
will decrease. The presence of water is also supposed to improve fuel atomization, 
minimize particulate emission and sooting, and improve fuel economy in terms of 
price and miles/volume of the fuel. Diesel microemulsions also improve the cetane 
number. Burning W/O microemulsions causes a higher degree of violent 
microexplosion and higher fuel combustion efficiency than those of neat diesel.
When water -  in -  diesel emulsion is heated, the water in the droplets is vapourized 
first, because water is more volatile than diesel due to the pure vapour pressure. This 
vapourization causes tire continuous hydrocarbon phase to “explode”.^ ^^  This occurs 
at a temperature much higlier than the boiling point of water (i.e. around 543K), 
which is referred to as the superheat limit temperature. It is a general phenomenon 
that in order to make systems of a lower - boiling liquid immersed as droplets in a 
higher -  boiling liquid “explode” one must reach a temperature far above that of the 
lower -  boiling component. This phenomenon is known as microexplosions.
Microemulsion fuels are also fomid to improve air -  fuel contact and increase the 
flash point of fuel.^ "** A variety of microemulsions designed as fuels have been 
reported (along with detergentless systems) consisting of 1 -  butanol, diesel and 
water.
3.1.3.3 Biofuels
Any fuel derived from biomass is known as a biofuel .Biofuels (i.e. biodiesel and 
bioethanol) are being investigated as potential substitutes for cunent highly polluting 
non -  renewable oil - based fuels obtained fiom the conventional sources. '^*'* Among 
these biofuels, biodiesel is becoming more popular, as they have great potential 
compared to conventional fossil diesel. In Europe, one of the mostly popular biofuels 
is biodiesel. In Austria and Gennany, neat biodiesel is widely used. In France, Italy, 
Spain, Sweden, Czech Republic and other European countries 25-30% biodiesel -  
diesel blends are popular.^ '*®
The main advantages of using biodiesel in diesel engines are related to the high 
oxygen content of fatty acids, and therefore, more complete combustion and lower
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emissions of harmful species. The emission characteristics of diesel engines operating 
on neat biodiesel and its blends with diesel fuel have been reported.^ "*® In many 
investigations/'*^ a lowering of CO, HC and PM emissions and smoke (along with 
higher NOx) have been reported.
3.1.3.4 Diesel Oxidation Catalysts (DOCs)
As the soot ignition temperature is usually higher than 823K, oxidation catalysts are 
applied to increase the oxidation rate of soot at lower temperatures. '^*® A diesel 
oxidation catalyst (DOC) is a flow through device that consists of a canister 
containing a honeycomb -  like sti-uctuie or substrate. ^ '*^  The substrate has a larger 
surface area that is coated with an active catalyst layer. This layer contains a small, 
well dispersed amount of catalysts. Recently a number of catalysts have been reported 
for the oxidation of soot, such as noble metal supported catalysts (i.e. Ft and Pd)^ ®® 
and the transition metal oxides (V, Cu, Mn, Cr, Co, Fe, Mo and their mixtures).^®'Due 
to the high cost, the noble metal supported catalysts can not be employed and 
extended in the present application. Nowadays, a lot of studies are carried out for soot 
oxidation on CeOz and Ce0 2  based material because the facile Ce'*VCe^  ^redox cycle 
often leads to a higher oxygen - storage capacity with reversible addition and removal 
of oxygen in the fluorite stmcture of ceria.^ ®^
A number of studies have reported the effectiveness of DOCs which can reduce diesel 
particle matter by up to 30% and also remove up to 90% of CO and HC.^ ®^  DOC 
retrofit applications are less restrictive than diesel particulate filter technologies. This 
is in part because a DOC operates as a flow through device with the catalytic reaction 
occuiTing on the surface of the device.^ ®'* As a result, DOCs are less impacted by 
exhaust loading than particulate filters, and can work well with older, higher emitting 
engines.
3.1.4 Aims of this Chapter
In this chapter, the various fuels (i.e. diesel, diesel/biodiesel blends and 
water/diesel/biodiesel microemulsions) were to be operated in the diesel engine to 
evaluate their emissions (i.e. CO, NO, HC and DEPs). A new WBC catalyst was also 
to be selected in the engine tests. The influence for the DEPs will be obseived by
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SEM, STEM, EELS and Raman for comparison to FBCs (reported by 
others).DSC/TGA measurements will evaluate the oxidation behavior for DEPs 
emitted with both the WBC and FBCs. In future, XPS would ideally be undertaken.
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3.2 Materials and Methods
3.2.1. Preparation of FBC (metai acetylacetonate (M 
(acac)n))
3.2.1.1 Materials
Acetylacetone (2,4 -  pentanedioiie, acacH) was obtained from Aldrich (99%, b.p 
413K, (see Fig.3-7)).
O O
Fig.3-7 Conformation of acetylacetone
Urea (Fig.3-8)) was pm'chased from BDH Chemical Ltd (>99.5%).
O
NHg—G—NH^
Fig.3-8 Conformation of mea
Ferric chloride (Fed], 99%), barium chloride (BaCb, 99%) and cerium chloride 
(CeCL, 99%) were supplied by Aldrich.and used as received. Only the Ce products 
(Ce based WBC and FBC) were used as a fuel -  borne catalyst.
3.2.1.2 Synthesis of FBC
It was reported that the metal-acac complexes easy to dissolve into diesel oil.^ ®® The 
recipe below can be used to produce M(acac)x in general. In this case, three 
compounds were synthesized: Ba(acac)2 , Ce(acac) 4  and Fe(acac) 3  respectively.
Fe(acac)3  was prepared in a 10-cn/ flask (witlr a glass cover and containing a 
magnetic stirring bar). 2.0 cm® of distilled water, 160 mg of FeCb, 500 mg of urea 
and 0.4 cm® of acetylacetone (acacH) were added. The flask temperature was raised to 
373K on an oil bath for Ih with constant stining. NH3 was released from the urea 
making the solution basic. Deep red crystals of Fe(acac) 3  were observed. The reaction 
flask was cooled to 298K and the product was collected by vacuum filtration and
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w a s h e d  w i t h  d i s t i l l e d  w a t e r .  T h e  p r o d u c t  i n  t h e  f o r m  o f  a  p o w d e r  a n d  d e s i g n a t e d  F B C  
F e ( a c a c ) 3 , w a s  o b t a i n e d  a f t e r  8  h  o f  v a c u u m  d r y i n g .  D u r i n g  t h e  p r o c e s s ,  t h e  f o l l o w i n g  
r e a c t i o n s  t o o k  p l a c e :
H2 OM C L -► M^" + xCr ( E q .  3 - 5 )
NH2CONH2 + 3H2O h e a t -►  2 N H 4 O H  +  C O 2 ( E q .  3 - 6 )
x a c a c H  +  X N H 4 O H  +  +  x C F ■ ^ M ( a c a c ) x  \  +  X N H 4 C I +  X H 2 O  ( E q . 3 - 7 )
T h e  p r o d u c t s  o f  C e ( a c a c ) 4  a n d  B a ( a c a c ) 2  w e r e  s i m i a l r l y  p r o d u c e d .  A l l  w e r e  
c h a r a c t e r i s i z e d  b y  F T I R  o n  a  P e r k i n  E l m e r  2 0 0 0  i n  t r a n s m i t t a n c e  m o d e  w i t h  K B r  
p e l l e t s .  T h e  w e i g h t  r a t i o  o f  t h e  s a m p l e  t o  K B r  w a s  1 : 2 0 0 . ^ ^ ^  T h e  i n f r a r e d  s p e c t r a  f o r  
a c a c H ,  C e ( a c a c ) 4 , F e ( a c a c ) 3  a n d  B a ( a c a c ) 2  a r e  p r e s e n t e d  i n  F i g . 3 - 9 .
1254 ,1387
Hacac
755 1013 Ba(acac).
Ce(acac)
9.151013 1387Fe(acac).
4530 and 1580
SOO 10QO 1500 2000 2500 3000 3500 4000 45000
W avenu mber/cm'^
F i g . 3 - 9  F T I R  s p e c t r a  o f  H a c a c ,  F e ( a c a c ) 3 ,  B a ( a c a c ) 2  a n d  C e ( a c a c ) 4
F T I R  s p e c t r a  o f  F e ( a c a c ) s  e x h i b i t s  v ( F e - O )  b a n d s  a t  6 6 8  c m " '  a n d  b a n d s  1 5 8 0  a n d  
1 5 3 0  c m ’ ’ c o r r e s p o n d i n g  t o  v ( C - O )  a n d  v ( C = C )  w h i c h  w e r e  f o r m e d  d u e  t o  t h e
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bidendate chelation of Fe^ "^  by acac.^^  ^The other adsorption peaks are summarised in 
Table 3-6. Fig.3-10 shows the general conformation of M(acac)x. Compare this 
confomiation with Fig.3-7: it was found that C-O, C=C and M-O bands appeared 
which were referred to in Table 3-6. hr Fig.3-9, the Hacac IR spectrum did not show 
those three bands.
1 :H 3 ^
/ C = o .
HC M
^ C - O ^
C H 3
Fig.3-10 Conformation of M(acac)x^^^
Table 3-6 FT-IR absorption peaks of Fe(acac)3
Wavenumber (cnT*) Adsorption^^^
1580 vC-O
1530 vC=C
1387 ÔCH3
1254 vC- C H 3
1013 7tC-H
915 vC =0+vC -C
755 7tC-H
668 vFe-0
557 71C H 3
The IR spectra of Ce(acac) 4  and Ba(acac) 2  showed the same absorption bands (Fig.3- 
9). Hence, the IR spectra proved the preparation method mentioned above for 
M(acac)x had worked.
3.2.2 Testing Fuel Preparations
(il Diesel. Blends with Biodiesel and W/O Diesel Microemulsions
Diesel fuel (C13H2 4) was produced by BP and obtained from a local supplier. Diesel 
was blended with biodiesel in terms of D/BD w/w ratio of 9/1, 8/2 and 7/3 
respectively. The W/O diesel microemulsions have already been outlined in Section
2.2.1. The samples used were 4.3 -  8219 -  0.3 and 4.3 -  8219 -  1.0
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riil W/O Diesel/Biodiesel Microemulsions with Fuel Borne Catalysts (FBC)
The preparation of W/O diesel/biodiesel microemulsion has been outlined in Section
2.2.1. FBC was doped into the 4 .3 -8219-1 .0  (D/BD, 8/2) fuel to 20 ppm of cerium 
acetylacetonate (Ce(acac)3), The WBC (Ce(N0 3 )3) was also dissolved in water phase 
before microemulsion formation to a level of 20 ppm. Adding such a small amount of 
fuel additive catalyst was not expected to alter fuel system behavior such as injection 
timing or injection pressure. Others have also reported on the effects of fuel 
additive catalysts, but at either higher concentrations (200 ppm or lower
concentrations (5 ppm Ce^^ )^. Cerium was used in this study in terms of the low 
toxicity and high oxygen capacity.
3.2.3 Engine Performance Experimental Setup
The engine was operated in the University of SuiTey’s car paik. All emissions were 
collected and analyzed immediately after every operation. All fuels were tested under 
the same conditions (i.e. constant 3200 rpm and the same mnning process) in order to 
make comparative assessment of their perfonnance in a diesel engine. For the purpose 
of our experiments, the engine was set at a constant engine speed of 3200 rpm and the 
varied engine loads ranges from 0% to 75%. The load system is designed by a 
resistive weight mechanism. The process of emissions capture and analysis routes are 
presented below (Fig. 3-11). Fuel consumption tests were undertaken by filling the 
test ftiel in the fuel bottle, tlien weighing it (±lg). The engine was operated at constant 
3200 ipm at each load for 10 min.
CO + NOx analysis
Micro - Raman
SEM
Filter
GO
TEN or STEM
w ater trap
Gas container
Diesel Engine
Fig.3-11 Schematic diagram of emissions capture and analysis routes
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3.2.3.1 Gas Phase Analysis
The newly designed analytical system for the emissions from the exhaust pipe which 
was spilt into two gas streams: one route was comiected to a water trap in order to 
capture diesel particulates and the other route was connected to an emission gas 
container after filtering, (see Fig.3-11) The contents of the gas container (60 ml 
syringe) was then injected into a reference gas stream (N2 flowing witli 100ml min'*) 
comiected to NOx and CO detectors.
The CO detector was produced by Analysis Automation Limited (N.D.I.R analyzer 
model 401). The NOx detector was produced by Rotork analysis Limited (series 440 
NOx analyzer and pump module). Data were recorded by Pico log software.
3.2.3.2 Hydrocarbon (HC) Analysis
HC emission analysis was undertaken by FID -  GC (Varian 3900 series Gas 
Chromatography (GC)) and the operating conditions were set up as below:
Inject volume: 0.01 mm^
Injection temperature: 353K 
Detector temperature: 573K
Column: RTX -  5ms capillary column (Restek). 15 mX 0.25 mm diameter, 0.25 
jLim stationary phase film thickness.
Mobile phase: Helium, Icnf min*
Oven temperature programs: 523K (4 min)
The sample was collected in front of the exhaust pipe with a gas -  tight syringe (10 
mm^) with a quartz filter to remove the particulates, and then, injected to the GC 
directly. Before the GC was employed it was calibrated by HC standards (CsHs). The 
retention time (RT) of CgHg appeared at 1.3 ±0.1 min and was also found for testing 
samples; hence, the CgHg was used as reference to value the HC emissions.
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Comments on Methods of CO. NO  ^ and HC Analysis
The CO, HC and NOx measurements were calibrated before each engine test (see 
Appendix -7), each sample was measmed three times to obtain the mean values and 
standard deviations (less than 20 ppm).
3.2.3.3 Diesel Emission Particulates (DEPs) Characterization
Particulates were characterized by several techniques (Fig.3-12) in order to obtain 
elemental and morphological infoimation. Direct obseivation of the morphology of 
the nanosized diesel particulates was performed by transmission electron microscopy 
(TEM) (Philips CM200) on holey carbon grids and by scanning electron microscopy 
(SEM, Hitachi,, S-3200N) with elemental analysis accomplished thiough energy 
dispersive X -  ray (EDX) (Oxford histmment). Electron energy loss spectra (EELS) 
were obtained with an Enfina 2000 spectrometer attached to the column of the JOEL 
2010 F. The energy resolution of the energy loss spectra is 1,2 eV and is acquired at a 
dispersion of 0.5 eV per chamiel. The spectra had backgrounds subtracted by fitting 
the pre-edge backgrounds with a power -  law function using the processing software. 
The elemental content of the particulate samples was investigated by the use of an 
electron microscope equipped with an energy dispersive X-ray spectrometer (EDX). 
On this machine, an electron diffraction pattern was obtained and used to extract 
periodic fringe spacings. The PMs were trapped with quartz filter in a glass tube. The 
micro -  Raman unit (Rennishaw with He -  Ne laser (632.8nm)) was used to examine 
the order - disorder effects for soot samples. The laser wavelength was focused on the 
sample through a microscope with lOOx objective lens and the scattered light 
collected through a holographic filter and detected via a CCD detector. The oxidation 
behavior of diesel particulates was measured according the method of ASTM E698-05 
using DSC carried out on a Setaram DSC 121 instracment with air flowing at 100 cm  ^
min'* and a various heating rate of lOK min'*, 20K min'*, 3OK min * and 5OK min *. 
The themiogravinietric (TG) tlieimogram was recorded on a theimogravimetric 
analyser (TA instmcment, TGAQ500). The sample was placed in a platinum pan and 
heated at lOK miiT* ramp rate fiom 300K to lOOOK in lOOcnf miiT* pure N2 gas.
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Comments on Methods of PEP Analysis
TEM images provide information on the DEPs, such as their primary particle size (d32) 
calculated as shown in 3.3.6.2). Each primary particle size was measured three times 
(errors <0.1 mm). For the Raman measurements, each sample spectmm was obtained 
three times. In addition, during the EELS obseivations, each point had to be scanned 
quickly (< Imin) to avoid point contamination.
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3.3 Results and Discussion
3.3.1 Choice of Fuels
Goodimii and Eiteman indicated that density (p), dynamic viscosity (q), surface 
tension (a), specific heat and vapour pressure were the most relevant properties for 
fuel ignition/^'* Flores -  Luque et al.^ *^  ^ improved on this study and combined p, q and 
a into five dimensional groups called indicative parameters of internal combustion 
efficiency (also called combined functions of physical properties):
A = q/p (mm^ s'*)
B = a/q (m s'*),
C -  a/p (cm  ^s'^),
D = a^/pq (dm'* s' )^
E = q^/pa (pm).
A is the kinematic viscosity (which characterizes the flow of liquid). B and C 
influence the synchronization of the engine cycles and permit the prediction of the 
time interval up to the self -  ignition for a air/fuel mixture. D shows the speed of 
heating the fuel drop suiface and the time in which ignition will occur in relation to 
the number of spray drops. E represents the number of inertial and surface forces in 
the atomization.^*^^
In order to assess the efficiency or perfomiance of a fiiel in the engine, the five 
parameters (A, B, C, D and E) must remain within a reasonable tolerance range. 
Considering the efficient mechanical work of diesel engines, Flores -  Luque et al. 
established the optimum A -  E ranges in Table
Table 3-8 and 3-9 show the physical properties of fuels tested in the model diesel 
engine and values for the five efficiency parameters of internal combustion. The 
numbers in Table 3-9, compared with Table 3-8, will indicate the mixture with 
satisfactory combustion.
According to the Table 3-9, the values of the five parameters A -  E indicate that the 
present seven fuels are mostly satisfactory in teims of the injections and safety.
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Among these fiiels, the 4.3-8219-1.0 (D/BD) possesses the closest parameters A -  E 
to commercial diesel.
Table 3-7 Parameters indication of efficient performance of diesel engines358
T(K) 288 298 313
A (mm^/s) 5.03-7.02 3.42-5.46 2.64-4.39
B (m/s) 4.64-6.55 6.07-8.11 8.25-10.8
C (cmVs^) 25.2-30.2 23.6-27.5 22.7-26.5
D (dmW ) 1.37-2.21 1.53-2.67 2.3-3.43
E (pm) 0.66-1.51 0.31-1.01 0.05-0.65
Table 3-9 Parameters of fuel efficiency of present fuels at 298K
Fuel A (mnf s'*) B (m s'*) C (cm^ s' )^ D (dm" s'") E(pm)
Diesel 3.5±0.05 7.4Ü0.3 25.95±0.5 1.9±0.1 0.47±0.05
D/BD(9/1) 4.82±0.05 7.05±0.3 26.47±0.5 1.86±0.1 0.53±0.05
D/BD(8/2) 5.06±0.05 6.74±0.3 27.24±0.6 1.81±0.1 0.62±0.05
D/BD(7/3) 5.24±0.05 6.57±0.3 27.95±0.5 1.84±0.1 0.65±0.05
4.3-8219-
0.3
3.46±0.01 7.04±0.1 24. 8±0.15 1.75±0.06 0.49±0.01
4.3-8219-
1.0
3.48±0.05 6.81±0.3 24.18±0.5 1.62±0.1 0.51±0.05
4.3-8219- 
1.0 (D/BD)
3.58±0.05 7.25±0.3 26±1.8 1.88±0.1 0.49±0.05
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3.3.2 Carbon Monoxide Emissions
CO is a toxic combustion product resulting fi*om incomplete combustion of 
hydrocarbons if there is a lack of available oxygen, if the gas temperature is too low, 
or if the residence time in the cylinder is too short/^^
2C H n  +  (1. 5 + 1 1 / 2 ) 0 2  C O  +  C O 2  +  1 1 H 2 O  (Eq. 3-8)
NDIR analysis of CO levels in the exhaust gases from the engine operating at four 
engine loads and 3200 ipm is presented in Fig.3-12 using the different hiels.
Fig.3-12 allows a comparison of CO emissions from the diesel engine when different 
fliels were used. Clearly, CO emissions passed tlirough a minimum at about 50% 
engine load for all fuels. The reason for this is that the exhaust concentration of CO is 
quite small when a homogeneous mixture is burned at stoichiometric air/fuel (A/F) 
ratio mixture or on the fuel lean side of stoichiometric.^^® The CO emissions increase 
most rapidly with increased engine loads because the A/F ratio decreases with the 
increase of the engine loads. The homogeneous mixture is burned at fuel rich and 
air lean conditions at high engine load which resulted in incomplete combustion.
CO emissions of diesel were less than for W/O diesel microemulsions (Fig.3-12 (a)). 
The buiiiing gas temperature in the engine cylinder will significantly influence the 
oxidation rate of CO emission. With a higher burning gas temperature accelerating the 
oxidation rate of CO to CO2 , less CO will be emitted in the exhaust gases of the 
e n g i n e . A  lower gas temperature was probably produced in emulsion burning due to 
the presence of water.^^^ Consequently, W/O diesel microemulsions are expected to 
produce higher levels of CO emissions than neat diesel. Comparing the two emulsion 
fuels there are also differences. 4.3-8219-0.3 contains an average smaller dispersed 
phase water -  droplets (i.e. 2 nm) allowing more frequent microexplosions,causing 
a higher burning gas temperature in the engine cylinder and consequently lowering 
CO emissions compared to 4.3-8219-1.0 (with 8 nm droplets).
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Fig.3-12 CO emissions for varions fiiels at different engine loads: (a) diesel and W/O 
diesel microemulsions, (b) diesel and diesel/biodiesel blends, (c) diesel and W/O 
diesel/biodiesel (8/2) microemulsion
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In Fig.3-12 (b) reduced CO emissions were seen for biodiesel with its -COOX 
content and the author assumes that this oxygenated fuel has inherently more oxygen 
available for burning and that this leads to more complete combustion^^^ with lower 
CO emissions. The result of higher BD concentration led to a lower CO emission 
which agreed well with the findings of G.Labeckas.^^^
Nevertheless CO emissions of the D/BD=9/1 and higher blends are reduced up to 
24% at light engine load (ranging between 400 and 500ppm). When the engine load 
reaches a higher level (75% load), the biggest CO emission of 982±50 ppm was 
measured for diesel fuel and lowest of 566±35 ppm was obtained for D/BD=7/3. CO 
emissions for blends 9/1 and 8/2 were 794± 50 and 634± 50 ppm respectively.
Fig.3-12 (c) compares CO emissions with diesel and the W/O diesel/biodiesel 
microemulsion. At low engine load the CO concentration produced by W/O 
diesel/biodiesel emulsion is higher than with diesel alone, but is still lower (by 10%) 
than W/O diesel microemulsion. Again this was primarily because two different 
mechanisms exist in the combustion according to engine loads. Emulsion 
“microexplosions” were the main factor when fuel was burned under lean conditions 
(air rich and fuel lean) at light engine load. Thus, the CO concentration is 15% higher 
with the D/BD microemulsion than with diesel alone. The biodiesel again played an 
important role when engine loads increased which led to the rich fuel. In contrast to 
air borne oxygen, the fuel-based oxygen accelerates the combustion process from 
within the fuel rich spray patterns themselves. Hence, the CO was lower than 
diesel at high engine load.
3.3.3 NOx Emissions
Nitrogen oxide emissions are generated in the combustion chamber by two 
mechanisms. hi both cases tlie nitrogen oxides are generated by the reaction of 
nitrogen and oxygen from air.
0  + N 2 ^ N 0  + N (Eq. 3-9)
N + O2 NO + O (Eq. 3-10)
The results of Chemiluminescent analysis of NO% in the exhaust from the diesel 
engine operating at four engine loads and 3200 rpm are shown in Fig.3-13.
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Fig.3-13 NO emissions for various tested fuels at different engine loads: (a) diesel and 
W/O diesel microemulsions; (b) diesel and diesel/biodiesel blends; (c) Diesel and 
W/O diesel/biodiesel (8/2) microemulsion
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Fig.3-13 compares NOx emissions with various fuels with the engine operating at 
various loads (0%, 25%, 50% and 75%) at a constant engine speed (3200 rpm). All 
show the same trend where concentrations of N0% increase with increasing engine 
loads. This can be attributed to the fact that a higher fuel feeding rate at higher engine 
loads caused a higher bmning temperatme which in tmii facilitated the oxidation of 
N2 to NOx emissions according to the extended Zeldovich thermal NOx mechanism 
(see Eq. 3-9 and 3-10).^’^
The use of 4.3 -  8219 -  0.3 as the engine fuel caused the lowest NOx emissions 
among the fuels shown in Fig.3-13 (a); this has brought about a reduction up to 13%, 
because this fuel had smaller and more evenly distributed water droplets in the oil 
layer, resulting in more complete buming^^^.
The burning of D/BD=7/3 gave a higher level of NOx emission, while neat diesel gave 
relatively low NOx emissions (Fig.3-13 (b)), which brings about an increase in NOx 
up to 5%. If NOx forms by oxidation of atmospheric nitrogen at sufficiently high 
temperatures, then presumably its rate or extent of formation is highly dependent on 
temperature and the availability of oxygen. It is clear that biodiesel improves 
combustion and so the temperature in tlie combustion chamber will probably be 
higher and together with the higher amount of fuel -  bound - oxygen also present, this 
leads to the formation of a higher level of NOx from biodiesel -  fuelled engines.
Fig.3-13 (c) shows comparatively low NOx emissions (i.e. 25% lower) for 4.3 - 8219 
-1 .0  (D/BD) than for neat diesel at low engine load. However the exhaust contained 
higher NOx concentration (SOlppm) when 4.3 - 8219 -  1.0 (D/BD) was operated at 
75% engine load while diesel alone produced 789 ppm. This may also be attributed to 
the two different mechanisms mentioned above. When the A/F ratio is at a lean 
condition, emulsion “microexplosions” led to the lower NOx concentration due to the 
lower combustion temperatures. As A/F ratios decreased with increased engine loads 
until it reached a fuel rich condition, then sufficient oxygen was provided by biodiesel, 
and thus, the concentration of NOx had a greater increase than diesel fuel alone.
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3.3.4 H ydrocarbon  (HC) E m iss io n s
HC emissions arise both as unaltered components of the original fuel and through 
partial oxidation of the fuel molecules. The total HC concentration (ppm) was 
determined by the GC analysis (section 3.2.3.3).
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Fig.3-14 HC emissions for diesel at various engine loads
Fig.3-14 shows the HC concentration comparison between the light loads and heavy 
loads when the engine was operated with neat diesel at speed of 3200rpm. The plot 
indicates that HC emissions peaked at 0% load and then dropped with further 
increased load until 75% load where it peaked again. As described previously in 
section of 3.3.2, this diesel engine’s A/F ratio performed as lean -  stoichiometric -  
rich with increased engine loads. At the 25% - 50% load it is around stoichiometric 
indicating that the fuel can combust completely; thus the HC concentration decreased. 
As the A/F ratio decreased, the fuels may combust incompletely and result in the HC 
increase again.
Fig.3-15 presents the HC emissions fuelled with D, D/BD=8/2, 4.3-8219-1.0 and 4.3- 
8219-1.0 (D/BD) at 75% load, 3200 rpm. Among these fuels, neat diesel fuel was 
noted to perform the greatest HC concentration value about 400 ppm. On the contrary, 
the D/BD=8/2 blend emitted the lowest HC concentration (185 ppm) which leads to a 
54% reduction. The biodiesel was considered rich in oxygen that is positive to fuel’s 
combustion. Therefore, the HC emission showed a dramatic reduction. In the cases of 
4.3 -8219-1.0, and 4.3-8219-1.0 D/BD, these had a similar HC emission level which
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presented a 34% reduction than diesel. However, the other reported HC reduction can 
be up to a 70% off when the W/O diesel emulsion contained 15% H2 Ü.^^  ^Emulsion 
fuels were found to give lower amounts of polycyclic aromatic hydrocarbons in the 
flame, as well as reduced emission to the atmosphere.^^^
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Fig.3-15 HC emissions fuelled with various fuels at 75% load and 3200ipm
3.3.5 Fuel Consumption
The Fig.3-16 compares the fiiel consumption with diesel, W/O diesel/biodiesel 
emulsions and its blends with biodiesel fuel at four engine loads and constant speed 
(3200 rpm). For the microemulsion fuels, the consumption is equatal to mass of fuel + 
water +surfactant agent.
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Fig.3-16 Fuel consumption rate at various engine loads and constant engine speed at 
3200 rpm using various fuels (D/BD=8/2)
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From Fig.3-16 it can be seen that the 4 .3 -8 2 1 9 -1 .0  emulsion fuel has the lowest 
fuel consumption rate (about 6% lower than diesel at 75% load) among all fuels 
investigated. Microexplosions aie clearly beneficial. They mix fuel and air well and 
maximise the air -  fuel interfacial area^^ .^ As a result the combustion and the burning 
efficiency are improved; thus fuel consumption is reduced. Comparing emulsion fuels 
(4.3 -  8219 -  1.0 and 4.3 -  8219 -  0.3) it can be seen that the fuel consumption 
increases with decreasing water content over the investigated range of engine loads. 
The influence of water may be attributed to an influence on the atomization process, 
as well as on the ignition tem perature.T he other workers have also found that the 
fuel consumption decreases with increasing water content.^^*
In contrast, the use of D/BD=7/3 had the largest fuel consumption rate (about 7% 
higher than diesel at 75% load) over the entire range of fuels tested at the same engine 
load. This can probably be attributed to the net calorific value of the biodiesel that is 
about 11.23% lower than that of d ie s e l .A  comparison of the fuel consumption rate 
by mass of diesel and its blends with biodiesel (diesel, D/BD = 9/1, 8/2 and 7/3) 
shows an increase in fuel consumption approximately proportional to the amount of 
biodiesel added to tlie diesel fuel. This was due to the higher density of biodiesel and 
its blends and would cause higher mass injection for the same volume, because of 
high injection pressures. It is normal to have intentional leakage past the injector 
needle for lubrication purposes. The high viscosity of biodiesel was noted to reduce 
this leakage, again resulting in more of the fuel charge entering the combustion 
chamber. Several important properties influencing the rate of fuel consumption have 
been compared to those of diesel.
4 .3 -8 2 1 9 -1 .0  (D/BD) appears to have a similar fuel consumption rate to diesel fuel 
because the dual biodiesel/emulsion has negative and positive impacts on the rate of 
fuel consumption.
The fuel additive catalysts mainly apply to DEPs reduction; hence, the influence of 
fuel additive catalyst for gas phase emissions has not been considered in this study 
because it has been reported by many literatures,
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3.3.6 DEPs Characterization
Diesel fuel additives are often used to lower DEP emissions and to enhance oxidation 
Hence, in this section, a water-borne catalyst (WBC) and a fuel 
bome-catalyst (FBC) were added to tlie fuel respectively to observe the influence of 
DEPs. As die oxidation temperatuie of the DEPs is considerably higher than the 
exhaust gas temperatures of the diesel engine, the use of catalytic combustion to lower 
the ignition temperature has attracted interest.^^^ A variety of metal additives have 
been investigated by other authors: overall the results found elements of Ce, Ba, Pt, Fe 
and Ca reduced the soot quite efficiently by both suppressing soot formation and 
enliancing soot oxidation. Among these elements, Ce has been paid the most
attention on recent researches due to tlie low toxicity and relative low cost.^^  ^Cerium 
is the most abundant rare earth element and exists in +3 and +4 oxidation states: eerie 
Ce"^ "^  and cerous Ce^\ Ceria can have non-stoichiometry: CeOi-y where y can be up to 
0.3 at low po2 (p means partial pressure of Ceria has low toxicity (similar to
NaCl^*^); it therefore is applied for the removal of diesel-emitted nanoparticles 
(DEPs). In this study, a water soluble catalyst (i.e. Ce(N0 3 )2) and a diesel-soluble 
catalyst Ce(acac) 4  were added to the W/O diesel/biodiesel microemulsion (4.3-8219- 
1.0 (D/BD)) as a WBC and a FBC respectively.
Using a dosing level of 20 ppm for either the FBC or the WBC (of cerium in the W/O 
diesel/biodiesel microemulsion) was considered to be healthy and safe (see section of 
3.2.2).
3.3.6.1 DEPs Emissions
The fomiation of diesel particles is a series of chemical processes of particle assembly, 
growth and congealing. Diesel emitted soot particles are an miavoidable 
combustion by-product and appear even with sufficient amounts of air to bum the fuel 
completely. This is because combustion proceeds through the dissociation of 
hydrocarbons with the presence of intermediate products, such as C2H2 and 
polyaromatic hydrocarbons (PAHs), known as precursors of soot formation. 
Generally, the basic modes to produce diesel particles involve: nuclei primarily
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composed of volatile organics (for sizes below 30 nm) and accumulation mode as 
agglomerates composed primarily of solid cai'bonaceous materials.
The level of soot production from the diesel engine at 0%, 25%, 50% and 75% loads 
were shown in Fig.3-17 when eight fuels were used.
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Fig.3-17 DEP emission at various engine loads with different fuels
In Fig.3-17, it was found that all of the seven fuels that were tested produced the 
lowest DEP emissions at light load levels. However, during transition to heavy loads, 
DEP emission increases. This was probably because the increase in the engine loads 
required a higher fuel consumption rate (i.e. there was not enough time to combust 
more feeding fuel as the load increased).
It is clear that the burning of neat diesel fuel produced the highest concentration of 
particles, whereas the W/O diesel microemulsion fuels and diesel/biodiesel blend 
fuels emitted much lower particulate levels. A comparison of the two W/O diesel 
microemulsion fuels (4.3 -  8219 -  0.3 and 4.3 -  8219 -  1.0) appears to show a slight 
further decrease in soot content by mixing in 1.0wt% water than 0.3wt% water at high 
loads. The water addition from the burning process of the emulsions caused a 
significant increase of spray volume and thus considerable air into emulsion spray. 
Hence, an obvious decrease of particle emissions from the burning emulsion was 
found compared to the neat diesel fuel . Another possible explanation is that 
microexplosions promoted oxidation of the hydrocarbons, possibly involving attack 
by hydroxyl radicals. A lower amount of PAHs formed is probably one of the reasons
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for the lower amount of soot obtained with emulsion fuels because these 
hydrocarbons can be seen as precursors for soot paiticles.^^^
The effect of biodiesel on the DEP emissions was shown in Fig.3-17. The use of 
D/BD=7/3 was indicated to have minimum DEP content in comparison to D/BD=9/1 
and 8/2. The DEP emissions depend on both the balance of particles formation and 
their oxidation rate.^^  ^ It has been noted that biodiesel is rich in oxygen, which leads 
to the fuel burning more completely and improving the oxidation rate. Thus, the DEP 
emissions were reduced with biodiesel usage.
The use of 4.3-8219-1.0 (D/BD) doped with FBC and WBC produced the least DEPs 
emissions of all tested fuels. The burning of diesel produced about 7.5 g DEP min'% 
whereas FBC-doped 4.3-8219-1.0 (D/BD) microemulsion emitted about 2.5g DEP 
mill’* at the same condition, which means a 60% lower DEP level. This implies a 
combination of three positive mechanisms: (i) the emulsion microexplosion; (ii) 
sufficient oxygen provided by biodiesel and (iii) Ce catalyst lowered the DEPs 
ignition temperature. Compaiison of the two Ce doped catalysts, reveals a slightly 
lower level of diesel soot generation with the FBC, probably because this catalyst can 
spray more homogeneously than WBC (which has sur factant protection) and led to an 
increase of the reaction surface areas for the catalyst.
3.3.6.2 M icrostructure o f DEPs, Average Size and 
Distribution
a) Microstructure of DEPs
Micrographs from TEM in Fig.3-18 show the aggregate texture of soot emitted from 
diesel fuel at 0%, 25%, 50% and 75% loads.
The aggregate textures of diesel particles in Fig.3-18 are typical of those observed in 
the other literature.^^"  ^There is no visible difference between diesel particles generated 
at various loads in terms of their primary particle size or degree of aggregation. It is 
also clear that the diesel particle matrices contain a variety of primary particles sizes 
(ranges from 10 nm -  200 nm) regardless of the engine loads.
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Fig.3-19 has the TEM images of diesel particles emitted from the engine at 75% load, 
3200 rpm. The engine was fuelled with diesel, diesel/biodiesel blend, W/O diesel 
emulsions and W/O diesel/biodiesel microemulsions loaded with 20wt ppm FBC and 
WBC respectively.
0% load
50% load
25% load
75% load
Fig.3-18 Micrographs from TEM of diesel-emitted particles at various loads
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Fig.3-19 Micrographs from TEM of diesel particles emitted from various tested fuels 
at 75% load: (a) diesel, (b) 4.3 -  8219 -  0.3, (c) 4 .3 -8 2 1 9 -1 .0 , (d) -  (f) 
D/BD=9/l,8/2 and 7/3, (g) 4 .3 -8219-1 .0  (D/BD) with FBC and (h) 4 .3 -8219-1 .0
(D/BD) with WBC
In the presence of biodiesel, as shown in Fig.3-19 (d) -  (f), the soot matrix also shows 
similar aggregates of primary particles to diesel alone. The primary particle sizes were 
observed to be very similar when the biodiesel contents increased (see (e) and (f)). It 
was found that the soot matrices appeared to be less aggregated in the presence of 
diesel microemulsions (see (b) and (c)) although primary particle sizes were similar 
with DEPs from diesel. In the presence of fuel additive catalysts (FBC or WBC), there 
is clear evidence of solitary nucleated particles^'' within the soot matrices (see (g) and 
(h)), indicating heterogeneous stratification of soot aggregated and fuel additive 
catalyst particles.^^' However, for the WBC -  doped soot in (h), more regular and 
larger primary particles were observed as a comparison with that of FBC -  doped 
soot.
In order to investigate the overall morphological differences between the diesel 
particles emitted from various tested fuels, scanning electron microscopy (SEM) was 
employed in this study.
Fig.3-20 shows the SEM -  micrographs of the particles from diesel (25% and 75% 
load), 4.3-8219-1.0 (75% load), D/BD=7/3 (75% load), FBC and WBC doped in 4.3 
-8219-1.0 (D/BD) microemulsion fuels (75% load) respectively.
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Fig.3-20 Micrographs from SEM of diesel particles emitted from various tested fuels
at 75% load
Apparently, the emitted particles are agglomerates with a fractal -  like structure 
regardless of fuels used. One should note the aggregated surfaces for 25% and 75% 
loads with diesel; ragged and jagged shapes are seen, suggesting enhancement of 
condensation of water and other chemical sp ec ies.S im ila r shapes were also found 
with diesel/biodiesel blend and W/O diesel microemulsion fuels respectively. 
However, when the 20wt ppm FBC or WBC was added in 4.3 -  8219 -  1.0 (D/BD)
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fuel, different surface shape of particles was observed as a comparison with other 
DEPs. However, it still seems irregular and ill-d e f in ed .I t was found that the vast 
majority of carbonaceous aggregates were decorated with fine cerium oxide
nanoparticles on the surface (normally less than 5 to 7 nm in diameter). The 
element location maps and EDX quantification are presented in Fig.3-21 and Table 3- 
10 .
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Fig.3-21 element locations of C, O and Ce of WBC doped particle 
Table 3-10 Composition of DEPs in Fig.3-21 by EDX
Elements (atomic %) C O Ce
WBC-doped 75% load soot 76.6 15.5 1.5
b) DEP Average Particle Size and Size Distribution
The DEP particle size is important because it determines the overall behaviour of its 
dispersion in air once released to the atmosphere. To check changes in the aggregated 
particle size (mobility diameter), the DEPs were captured in a water trap and then 
analysed by DES at 298K.
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Fig.3-22 Mobility diameter distribution of DEPs emitted from the engine at various
loads when diesel was used
Fig.3-22 shows the size distribution of diesel soot as a function of engine loads at 
3200rpm using regular diesel fuel. For the diesel engine used in these tests, particles 
at all loads were mainly agglomerates (accumulation mode) (see TEM images). 
Narrow DEP size distributions were shown at light loads (0%, 25%) and wider 
distributions appeared at heavy loads (50%, 75%). These indicate that close mobility 
size particles are generated at light load; while less even particle sizes were generated 
mainly at high engine lo a d s .A s  similar engine load increased, more particulate 
surface area became available for condensation of vapour phase com pounds.T he 
greater available surface area, the higher exhaust temperature and the higher engine 
loads and resulted in a lower saturation ratio dining the gas phase at the exhaust, and 
therefore, a lower rate to fonn fine particles.
Fig.3-23 shows the diesel particle size distributions for various tested fuels under 
fixed engine conditions (75% load at 3200 ipm). Size distributions for all of tlie 
samples showed larger particles (accumulation mode) in the 60 -  200 nm range and 
almost no small diesel particles (nucléation mode) because of the older geme of diesel 
engine used in this study. Due to their larger surface area, these accumulated 
particles act as adsorption sites and tlius perfect sinks for organic vapours, leading to 
the suppression of the nucléation particles.
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Fig.3-23 Mobility size distribution of diesel particles with various fuels at 3200rpm,
75% load
In Fig.3-23, in the case of neat diesel, the size distribution is located from 100 -  300 
nm. When the biodiesel and microemulsion were introduced, no obvious alterations of 
the shape of the size distribution were observed. The Ce dosed diesel soot is 
associated with a narrowed size distribution around 50 -  150 nm. This result indicates 
that the DPEs were generated with regular shape^^  ^ and small particle size (and
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confirms the TEM structures). Size distribution patterns for both Ce dosed fuels are 
quite similar.
The primary particle size measurement is calculated with the aid of statistical 
calculations of the Sauter mean diameter of the particle expressed by Eq.3-11^ ^^ . This 
is because diesel aerosol consists mainly of higlily agglomerated solid carbonaceous 
material and ash, together with volatile organic and sulphur compounds.
d32=Z„d^/Zn‘i" (Eq.3-11)
where d is the primary particle diameter and n is their numbers.
The likely surface area was calculated because no BET measurement was possible 
with the small amoimts produced. Hence, the primary particle specific surface (Sv) of 
the carbon particles was calculated by dividing the total surface over the total mass of 
the particles, yielding:"^ ®”
Sv= S/m ^Niid^/(N (1/6) 7rd^p)= 6/(pd) (Eq,3 -12 ) 
where d is the particle size and p is density of the particle. The density was taken to be 
the density of the primary diesel particle.
Table 3-11 shows the results of primary particle diameter (dsz) generated from various 
tested fuels at 25% and 75% loads and 3200 rpm. In neat diesel soot, primary particles 
are 40.8 and 42.3 nm at 25% and 75% loads respectively which are consistent with a 
previous study suggesting the size is typically between 20-50 In the case of
diesel and biodiesel blend, as the percentage of biodiesel increases, the primary d] 2  
decreases by almost 40% for D/BD=7/3 compared to neat diesel. The decrease in 
diameter could be a result of the higher oxidation rate of biodiesel particles compared 
to diesel particles. The minimum ds2 can be obtained from W/O diesel 
microemulsions due to the unique microexplosions in emulsion fuel which caused 
significant increase of spray volume and thus considerable air entrainment into 
emulsion spray."*®^  FBC and WBC resulted in a significant decrease in size of d] 2  in 
comparison with neat diesel. As a result, it may lead to a reduction in the number 
concentration of particles in the accumulation mode and a dramatic increase in the 
nuclei mode. A decrease in the accumulation mode, and therefore available surface 
area reduces scavenging of particle precursors, thus, promoting homogeneous 
nucléation, while at the same time decreasing coagulation of nuclei mode particles 
with accumulation mode particles. Whereas, it was found the WBC dosed particles on
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average have slightly higher value of 36.5 nm compared to FBC dosed particle 
(27.14imi), this foimation may result in the uneven Ce spray in the WBC doped fuel 
which exist in the water phase rather than the continuous oil phase in microemulsion.
Results in Table 3-11 shows that smaller primary particles lead to larger particles 
when accumulated. For example, the fuel of 4.3-8219-0.3 shows dgz with a value of 
23.2 nm (that much smaller than neat diesel particles) (42.3 nm), but its mobility 
diameter had a value of 211.8inn which is about 40% greater than neat diesel 
accumulation mode (149.8nm). The small primary particles were agglomerated 
(because of the presence of great attraction forces) during the soot generation.'* '^*
Table3-11 Characterization of diesel particles sizes
Fuels (% load) Primary particle 
size (I3 2  (nm)*
Mobility diameter 
dp (inn)**
Primary particle 
specific surface Sv 
(m  ^g *)
diesel (25%) 40.8 ± 1.5 119.2 ±8.0 22.8 ± 0.5
diesel (75%) 42.3 ± 2 149.8 ±5.6 25.3 ±0.8
4 .3 -8 2 1 9 -0 .3
(75%)
23.2 ± 1.5 2 1 1 .8 ± 2 . 8 46.1 ±0.3
4 .3 -8 2 1 9 -1 .0
(75%)
18.9± 1.8 153.7 ±5.3 56.7 ±0.5
D/BD =9/1 (75%) 29.8 ± 1.2 147.2 ±2.5 36.1 ±0.6
D/BD =8/2 (75%) 28.7 ± 1.4 139.4 ±6.1 37.3 ± 0.43
D/BD =7/3 (75%) 25.11 ±1.1 161.2±3.3 42.7 ±0.38
FBC-doped (75%) 27.14 ± 1.2 234.2 ±2.6 39.5 ± 0.2
WBC -doped 
(75%)
36.5 ± 1.0 172.3 ±1.8 29.4 ± 0.22
* measuied by TEM
**measured by DLS
Primary mass specific surface area (Sv) is inversely related to the mean primary 
particle size(d32). Moreover, in general the D/BD blend fuel, W/diesel/biodiesel 
microemulsions (Ce doped involved as well) displayed greater surface area than neat 
diesel particles due to the smaller d]2 . The mass specific suiface area of neat diesel 
particle (75% load) has a value of 25.3 m  ^g"% which is close to that measured by BET
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technique (30.1 g'*). The higher Sv indicates more chances to form agglomerated
particle structures.'***^
c) Raman Spectroscopy
Raman spectroscopy is unique in characterizing the long range interactions and the 
order - disorder effects in carbonaceous materials.'***^  Pristine graphite crystals only 
show two bands in Raman spectra (at 42 and 1578 cm"*). The 1578 cm"* band is 
referred to as the graphitic band or G -  band (sp^). As the graphite crystals destroy the 
ordering, a second band, refened to as the amorphous band (or disordered band or D -  
band, sp^) begins to appear around 1340 cm'*.'***^  For carbonaceous materials such as 
soot, the D band is relative broad and sensitive to the ordering of the carbon stincture. 
Both matuiation and the oxidation level of PMs affect the ordering of the carbon 
stmctme. The maturation, in a moiphological sense, is the collapse of small aromatic 
domains with 1-4 rings into a configuration containing larger ring number domains.'***^
Fig.3-24 shows a comparison of Raman spectra of diesel particle samples generated 
from diesel, D/BD=8/2, 4.3-8219-1.0, FBC and WBC-doped 4.3- 8219-1.0 (D/BD) 
respectively under fixed conditions (75% load and 3200rpm). The graphite-like G - 
band (located around 1586cm"*) has a bandwidth of about 100 cm *. The disordered D 
-band (located around 1349 cm"*) has a much wider bandwidth > 250 cm *. Multiple 
Raman spectra were taken for each sample at various locations to avoid 
inhomogeneity in the samples. The average G/D height ratios are listed in Table3-12.
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Fig.3-24 Raman spectra of the PM samples
By analyzing the relative intensity between G- and D- bands (G/D ratio), one can 
estimate the G/D ratio, this decreased with biodiesel blending which is consistent with 
previously published data"^ °^ . The soot generated from W/O diesel microemulsion also 
displayed a lower G/D ratio than the diesel, but greater than the biodiesel blend. The 
lower G/D ratios indicate the greater disorder for biodiesel soot and W/O diesel
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microemulsion soot. The disordered geometry of soot aggregates have been 
suggested to enhance condensation of water and other chemical species because of a 
decrease equilibrium vapour pressure from the negative cuiwature (Kelvin) effect."^ ** 
In the case of Ce -  doped fuel, it provides the highest G/D ratio that indicates the less 
disorder for the Ce — doped diesel soot; it is probably associated with an inhibition of 
the carbon formation around the Ce."^ ’^
Table 3-12 G/D ratios measured by MicroRaman with 632.8 nm excitation
Fuel G/D (sp^/sp^) ratio
diesel 1.37±0.01
D/BD=8/2 1.19±0.01
4.3 -8219-1.0 1.29±0.015
WBC doped fuel 1.39±0.01
FBC doped fuel 1.41±0.02
3.3.7 Characterisation of Ce-doped DEPs 
3.3.7.1 M icrostructure o f Ce-doped DEPs
Fig.3-25 contains STEM dark-field images of FBC-laden and WBC-laden diesel 
particles emitted at 75% load, 3200 rpm and at 20 ppm cerium respectively.
In general, against a dark background, there are two types of bright fields clearly 
observed (Fig.3-25 (a) and (b)). The vast majority (examples labelled C3 and W3) of 
these particles were carbonaceous aggregates decorated onto the surfaces with fine 
CeOi nanoparticles (5-7 nm)'^ *^ . For clarity, Fig.3-26 shows high resolution and 
contrast STEM images for spot W3. A much less prevalent type of particle is 
represented by the spots labelled Cl and W l, where there is a large fraction of cerium 
in the aggregate."*®^  hi Fig.3-26 (a), the bright field which are electron diffraction 
patterns was shown. Because orientations of crystallites are not homogeneous, the 
pattern was not regular (i.e. Cl and Wl marked in Fig.3-25).‘^ *^
Fig.3-27 shows the EDX spectra of each spot labelled in Fig.3-25 (a) and (b). In all 
EDX spectra, the A1 and Cu signals were due to the TEM grids. Spots Cl and Wl
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indicate very distinguishable Ce peaks with large Ce L peaks (three consecutive peaks 
in the middle of spectrum), not seen for other regions. This indicates that those are 
composed of a large fraction of Ce. Moreover, these EDX spectra also show large 
oxygen signals which suggest that the Ce in the particles were in the form of cerium 
oxide rather than pure cerium. Labelled C2 and W2, which were mainly carbonaceous 
soot particles, because the unique higher carbon peaks were exhibited in the EDX 
spectra (see Fig.3-27). Labelled C3 and W3 show the main carbon peaks, and low 
oxygen and cerium peaks in the Fig.3-27 which indicate the soot particles are
associated with Ce nanoparticles. 4 1 3
(b)
Fig.3-25 STEM dark -  field images of (a) FBC -  doped diesel particles (b) WBC -
doped particles
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Fig.3-26 STEM image of spot W3 (a) contrast image, (b) high resolution image in Fig.
3-25
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Fig.3-27 EDX of labelled Cl, 2, 3 and W l, 2, 3 (in Fig. 3-25), the EDX compositions 
were not given by the instmment due to its setting.
The marked spots of Wl and W2 were also examined by electron diffi'action. The 
diffraction patterns for the Wl and W2 are shown in Fig.3-28. There are four 
concentric rings visible in Fig.3-28 (a), whereas, no clear rings are visible for W2 
(Fig.3-28 (b)). The well -  defined patterns suggest that these metal oxide aggregates 
were composed of crystallites, rather than soot particles, which are nomially 
amorphous and with no pattern.' '^'*
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Fig.3-28 Electron diffraction patterns for WBC-doped soot at 75% load for: (a) Wl
(b) W2 regions (in Fig.3-25)
3.3.T.2 C hem ical State o f  M etal O xide
Changes in the oxidation state of added Ce is important."*'" Such oxidation states can 
be detected by electron energy loss spectra (EELS). Fig.3-29 shows the Ce M 4 .5  edges 
of the spots marked Wl and W3 in Fig.3-25. The M4 5 edges reflect transitions of 3d 
core electrons to unoccupied states of p- and f- like symmetry. The sharp M$ and M4 
peaks (near the edge onset) arise from quasi-atomic, dipole -  allowed transitions from 
an initial 3d"*4f" state to final states of the form 3d^4f"^'. The Ce M 4 .5  edges of CeO] 
and cerianite (natural CeO]) have shapes consistent with Ce"*^  and distinct from those 
of Ce^  ^-bearing materials.""^
The Ce^  ^ M5 edge has a wide peak from 881.7 to 882.3 eV. The M4 edge is more 
asymmetrical than the M5 edge with features at 899.7eV. However, the Ce"*^  M5 and 
M4 edges are separated with two main symmetrical peaks at 884.0 and 901.6 eV.
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Fig.3-29 EELS of the spots W l and W3 (see Fig.3-25) for Ce M4 ,s edges
hi Fig.3-29 the two peaks (labelled M4 and M5) are clear to see. Their relative 
intensities could be used to determine the occupancy of the 4f orbital and, hence, the 
valence of the lanthanide cations."*'  ^The increased intensity of the Ms peak indicates 
an increase in Ce^  ^ concentration."*'^ hi this study, ÏM5/IM4 was deduced from integral 
intensities for spots Wl and W3, (see Table 3-13).
Table 3-13 Im5/Im4 values of marked spots W l and W3
Spot Im5/Im4 value
Wl 0.72
W3 0.91
In this table it can be seen that the Im5/Im4 values for spots Wl and W3 are all below 1. 
hi case of W l, the Im5/Im4 value is 0.72 suggesting that Ce is presented mainly in a 4+ 
valency.^The Im5/Im4 value increase in case of W3 indicates tliat all ceria samples 
contain a small amount of Ce^  ^c a tio n s .T h is  is slightly different to a prior study by 
Heejung Jung et al""^ "* who found FBC to be mainly Ce02 in DEPs and proposed that
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cerium reaches its highest oxidation state (Ce"*^ ) very early during the particle 
fomiation phase. This may result in the WBC Ce^’*’ being in water phase and protected 
by the surfactant in W/O diesel emulsion. Thus, it is probable that the Ce^  ^ ions 
cannot have sufficient time to react witli O2 during the soot formation phase.
3.3.7.3 Oxidation Behavour of DEPs
The emitted particles from the diesel-fuelled engine at 75% load were oxidized using 
DSC in flowing air. The profiles were displaced to higher T^ax (oxidation temperature) 
as the heating rate rose (Fig.3-30). The temperature of the maximum rate of oxidation 
(and the activation energy) of diesel particulates was measured according to the 
method of ASTM E698 -05. It was undertaken by DSC mns carried out on a Setaram 
DSC 121 equipment with air flowing at lOOcm  ^ m in ' and valions heating rates of 
lOK mill"', 20K min"', 30K iiiiii'' and 50K miii'*.
ASTM E698 -05 presented calculating the activation energy for DEP oxidation using 
the equation:"*^ '*
Ea=-2.19xRx(dlogiop/d(l/Tmax)) (Eq.3-13)
where Ea is the activation energy, R is ideal gas constant and the value of 
dlogiop/d(l/Tmax) was taken as the slope when plotting logiop (heating rate K min"') 
versus 1/Tmax- The activation energy for particles oxidation from the lab engine was 
determined to be 191.8 kJ mol "'.This result is quite close to the study by Stanmore et 
al, who found the activation energy of diesel particle oxidation to be 210kJ mol"',"*^ ' 
but is not consistent with the data from H.Jung et al (who found it to be 108kJ mol"
1 ) 4 2 2
Tlieriiiogravimetry can also be used to predict this activation energy using the 
principle detailed in section 1.3.2.4. The diesel emitted particles were captured by the 
quartz fiber filter, and then, analysed by TGA. The TGA curve for diesel particles at 
75% load is shown in Fig.3-31.
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(b)Fig.3-30 (a) DSC profiles in air flowing at 100cm min' at different heating rates for 
DEPs from diesel fuelled engine operating at 75% load and 3200 rpm; (b) plot of 
logio P (heating rate K min'') versus 1/Tmax
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Fig.3-31 TGA for diesel emitted particles at 75% load and 3200 ipm
In this figure, the thermogram shows the weight losses of the sample at increasing 
temperature. Two obvious steps were found: (i) the first step (referred to as auto -  
acceleration"^^^) took place at low temperatuie (300K -  400K) and corresponds to the 
low temperatme volatile com ponen ts,and  (ii) a rapid weight change was observed 
in the range 700K-800K which leads to about 40% weight loss. In this stage, the 
carbonaceous particles are burned completely. Moreover, the oxidation température 
was observed at around 750K which was consistent with DSC operation at lOK min"^  
(in Fig.3-30) heating rule.
The activation energy of diesel particles oxidation determined fiom the second weight 
loss step which is designated as E2. Correspondingly, the activation energy (El) is 
determined from the first weight loss step which is to be the volatile species oxidation 
only. The data in step 2 were fitted to an Aiihenius expression (see 1.3.2.4) and are 
presented in Fig.3-33. The activation energy of diesel soot, determined by the slope of 
the line, was detemiined to be 202.9KJ m o f\ This result agrees quite well with the 
DSC activation energy. Therefore, the TGA analysis provides a fast and qualitative 
option in recording diesel soot activation energies.
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TGA analysis was then employed to calculate the activation energy of oxidation of the 
WBC Ce -  doped diesel derived soot (Fig. 3-32). As for the influence of FBC 
addictive, other authors have already drawn the conclusion that the presence of the 
FBC did not change the activation energy.'^ ^^ *'^ '^^
WBC Ce - doped diesel particle
I • I ■ I • I • I ' » "■" • ' I • I
2CO 300 400 SOO 600 700 SCO 0:x) lOOO
T(K)
Fig.3-32 TGA curve for WBC Ce-doped diesel particles at 75%load and 3200 rpm
A two -  stage oxidation is still evident; an initial rapid oxidation stage is followed by
a higher temperature oxidation stage. Interestingly, the diesel soot oxidation
temperature was reduced to around 700K. The activation energy of the WBC Ce 
dosed diesel soot was obtained in Fig.3-33 and yields 196.43 kJ m o f\ Overall, the 
activation energy of WBC dosed soot was not different from tire Ce-free case, and is 
consistent with other FBC studies.'^*'  ^ It is possible that the undosed diesel soot may 
contain traces of metals from the lube oil, which may seiwe as an inadvertent 
catalyst."^^ ’^"^ ®^
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load and 3200 rpm
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Chapter 4 Overall Conclusions
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Ill order to study the best catalysts for biodiesel production, transestérification of 
edible sunflower oil with methanol under reflux or microwave has been carried out in 
the presence of NaOH, CaO (006), CaO (012), CaO (024) and CaO/C (see Table 1-7). 
Although NaOH resulted in high rates of oil conversion, the CaO had the advantage of 
easy product recovery and improved environmental impact. Specifically, the CaO was 
treated with ammonium carbonate ((NH4)2 C0 3 ) solutions of different concentration 
and then calcined at 1173K. As a result, calcium oxide became a solid base.^ *^
4.1 C h a r a c te r i s a t i o n  o f  C a O  B io d ie s e l  C a ta ly s t s
CaO reacted with (NH4)2 C0 3  to form CaC0 3  ^ and then the CaC0 3  decomposed at 
I123K and produced CaO that contained many defects^ *^  (identified as the surface O — 
vacancy defect on its crystal stmcture"^^^). The defects favoured the fomiation of 
calcium methoxide which is a surface intermediate improving the transestérification 
process.^*  ^ The author fur ther proved the base strength was related to the ammonium 
carbonate concentration used (high concentrations of (NH4)2 C0 3  were associated with 
the stronger base sites). To evaluate the alkalinity two methods were used: the 
indicator titration and CO2 temperature -  programmed desorption (TPD).
The indicator method is deterniinted H values of basic solutions using appropriate 
indicator molecules. Tanabe defined solid bases as materials with H_ values > 26.^  ^
The titration results revealed that the CaO (024) was more basic and the untreated 
CaO (C -  CaO) was less basic. Others have reported H_ value for CaO from 15.0< H_ 
< 18.4^ ’^"^ ^^ , or from 10.1< H_ < 11.^ ^^  However, they both considered that CaO is a 
weak solid base. The difference is perhaps because of the natuial material used. 
Therefore, the treatment of CaO is necessary.
The CO2 TPD measuiements yielded a CaO peak temperature (T^ax) at 945K, which 
is very close to the previous reports (928K*®^  and 933K*^^). As reported by literature, 
a higher peak temperature is related to the stronger basic sites.^  ^ By increasing the 
concentration of the (NH4)2 C0 3  treatment of the catalysts, the desorption temperature 
shifted towards higher temperatures (to 1013K). The total amount of desorbed CO2 
per area unit of each catalyst (presented in Table 1-10) was related to the basic site
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density in each catalyst/^° From the results of both indicator titrations and CO2 TPD, 
the basic strength of tlie catalysts decreased in the order: CaO (024) > CaO (012) > 
CaO (006) > CaO. On the other hand, the basic site density of CaO catalysts reduced 
in the order: CaO > CaO (024) > CaO (012) > CaO (006), this is because the CaO 
showed a smaller S bet (surface area was measured by B E T ) than the others. The basic 
strength described a capacity for ti'ansesterification (more important catalytically).
The low BET surface area of CaO (4.4m^ g \  which is consistent with previous 
reports ’02 ,103,106  ^ was raised by the tieatment to 6.5 -  8 mVg. It was clear that the 
untreated CaO shows a quite smooth surface (also observed by otliers),^°^ but the 
tieated CaO samples show a more the porous structures (Fig. 1-18).
The dynamic light scattering (DES) experiment suggested similar particle sizes in all 
samples (-140 -  160 nm). Treatment with (NH4)2C0 3  did not change the particle size 
significantly. The average particle size (calculated from specific surface areas) 
showed greater diameters (i.e. 359 mn for C-CaO) than seen for DLS all CaO-based 
samples (i.e.l44nm for C-CaO). This originates is from the the sample being filtered 
before DLS analysis (the filter size < 220 nm). The XRD line broadering also 
provided a wide particle size range of 100 -  500 nm for all samples (Scherrer equation 
see Table 1 -  9). It validated the DLS and S b e t  results, as these two measmements 
have individual limitations (see section of 1.21.2). hi addition, nano sized CaO has 
also been considered and reported, but the reaction rate was still low at low 
temperatures.'^^'
4 .2  A c tiv i t ie s  in B io d ie s e l  F o rm a t io n  w ith  T h e rm a l  
A c tiv a t io n
The transestérification of sunflower oil with NaOH and CaO was followed using 'H 
NMR. As reported previously"'®’"' ,^ the methyl ester protons and methylene protons 
appear at 3.67 ppm and 2.3 ppm during tlie transestérification reaction. Hence, the 
following given equation was used:^®’^ ’^®°
C= 100 X (2Ame/3 Ach2) (Eq. 4-1)
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After Ih transestérification time under the same reaction conditions, the yield of 
FAME was 96% with NaOH catalyst, but was 15%, 24% and 38% for CaO-based 
catalysts (CaO (006), CaO (012) and CaO (024)). In addition, the contribution of a 
homogeneous reaction involving soluble species, created by the dissolution of the 
NaOH in methanol is quite important to improve the transestérification.''^^
It was reported that with soybean oil,^  ^ untreated CaO performed poorly. In case of 
JOC oil, the CaO was treated with the same level of (NH4)2 CO] as in this study and 
gave a better ester conversion^^ compared to CaO (012), but at a higher reaction 
temperature (373K). Furthemiore, the turnover frequency (TOF) was also calculated 
and compared for different catalysts. NaOH had a better TOF (6.35 mol h"' moLt"') 
(lower than previous reports-27.5 mol h"' molcat ')^ *^ - The difference may result from 
differences in the reaction temperatiue, molar ratio of oil and methanol, type of oil 
and time. The work in this study is novel in that there are no reports of the TOFs for 
CaO based transestérification catalysts. The results (Table 1-12) showed that the 
NaOH catalyst performed best, hi the series of CaO catalysts, the CaO (024) showed 
the highest activity and this is related to the basic strength of the catalyst surface.
When a basic catalyst is used to prepare biodiesel (BD), cations remain in the 
products. To remove these polar compounds from BD, an aqueous solution treatment 
is usually adopted.'"^ However, in the case of CaO-based catalysts with a water only 
wash, the biodiesel did not survive (i.e. RCOOR” + H2O = RCOOH + R” OH) and 
the BD became a white emulsion (or gel). This is also because the trace Ca^  ^can react 
with H2O to fomi Ca(OH) 2  as a white solid sediment. Therefore the water washing 
metliod is not suitable for CaO based catalysts, although it is suitable for NaOH 
catalyzed BD production. As a result, the use of CaO/C (carbon-supported CaO) was 
useful because it increased the ease of separ ation (from the BD with its larger particle 
size) and reduced the amount of CaO dissolving to produce contamination.
4 .3  C aO /C  v e r s u s  C aO
Carbon was introduced as a CaO catalyst support (using a PVA method reported 
previously ^^ ) where PVA was carbonized in flowing N2 at 973K for Ih. This gave a
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significant reduction in the number of Ca^’*' ions released into biodiesel. The use of 
CaO/C has not been previously reported although the distribution of Ca on the C was 
not perfect (Fig. 1-19). CaO/C has been previously prepared for SO2 
adsorption''^^"''®'''''^  ^ with loadings of 1.5 to 8.0wt%, (the loading is 30 to 70 wt% in 
this study). They found that high CaO contents dispersed on carbon resulted in a 
greater Sbet; this is consistent with our measurements (Table 1 -  9).
The transestérification experiments indicated that the activation of the reaction was 
not affected by the loadings of C, which performed in a similar way to CaO (012) 
alone. As stated it has the advantage of reducing Ca in the synthesized biodiesel. CaO 
catalyzed biodiesel contained 1200 ppm of Ca^  ^ (Table 1-13). Foitunately, CaO/C 
(mas ratio 3/7) removed nearly 98% Ca^ "^  (193 ppm Ca^  ^ remaining). It has been 
suggested that lower CaO loadings on C produce a stronger CaO - C bond and 
contributes to CaO being less easily lost from the C support, hi addition, the 
remaining Ca^  ^level in biodiesel can be controlled at < 200 ppm, (this will be helpful 
in reducing diesel particles emissions).''^^
4 .4  M ic ro w a v e  H e a t in g  in B io d ie s e l  F o rm a t io n
The main reason for choosing microwave activation is that the dielectric constant (e) 
of reactants, products and catalysts (Table 4 - 1 )  indicated that dielectric heating of 
sunflower oil, methanol and catalysts is likely to be advantageous. The larger the 
dielectric constant of a substance, the more useful it is likely to be for microwave 
energy absorption.
A 1 f ----------------________ ________ ___________ 4.— j  4. ^ 1 , ,^ 4^ 437
Substances Sunflower
oil
methanol NaOH CaO C biodiesel
8 3.114"® 32.7 <10 11.8 2.5 -3.0 6.0
It was therefore thought that microwave heating would be more efficient than 
conventional thermal heating and thus offer a useful way to prepare biodiesel at a 
faster rate.'"®’ hi this study, microwave activation was investigated for
transestérification using NaOH and CaO (024) as catalysts. The CaO based catalyst is 
novel for microwave heating (especially with a domestic microwave). At present, no 
reports have been published before on this system.
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Unfortunately, results showed that microwave heating failed for CaO based catalysts, 
but did work for the NaOH catalyst (< 1 min to reach 95% conversion with 1% 
catalyst dosage, oil/methanol mole ratio=l/9 and 1000 W power) (Table 1 -14).
This can be explained by the fact that in a heterogeneous CaO system, catalyst and the 
solution are in two phases and this retarded the reaction. In addition, the activation 
energies for NaOH and CaO to catalyse the transesterifcation were different (see 
following section). The effects of microwave power (600W, 800W and lOOOW) to 
yield methyl ester were also studied; all three power levels gave > 90% methyl ester 
conversion at 50 s reaction time with NaOH as the catalyst, but the highest conversion 
was seen at the highest microwave power (96% for lOOOW). However a word of 
caution, the reaction temperature reached 363K with lOOOW power at 50 s and was 
only 341K at 600W.
Therefore, it can be concluded that the microwave can produce biodiesel in a very 
short time (<lmin), while it took nearly one hour to gain the same conversion of 
FAME using conventional convection heating, hi the author’s opinion 600W 
microwave power is suitable to produce FAME. It has the advantage of low 
temperature (limited by methanol boiling point) and low energy consumption at high 
yields FAME conversions.
4 .5  K in e t ic s  o f  B io d ie s e l  S y n t h e s i s
Kinetic analysis is required for both homogeneous and heterogeneous catalysed 
reactions. Firstly, the reaction order of transestérification was studied. The results 
show that the reaction over NaOH and CaO (012) are first-order with respect to the 
transestérification reaction which is in agreement with the work of others'^’’ 
under similar conditions (Table 1-18). Secondly, the activation energy (Eg) value for 
FAME production was lower for NaOH (26.69 kJ m of') than for CaO (012) (51.71 
kJ/mol) when the reaction was thermally activated.
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The activation energy with CaO for transestérification is reported here for the first 
time. The activation energy obtained for NaOH is consistent with the data of others 
(27.2 kJ mol"' The activation energy will reflect on the conversion of diglyceride 
to monoglyceride as tlie rate determining step in the multistep inechanism.4"^ Hence, 
the lower Ea probably explains why the rate of FAME produced by NaOH is faster 
than by CaO. This result is consistent with a previous rep o rt,w h e re  they reported 
that the CaO had a obvious longer time than KOH for tianesterification at 333K (same 
reaction temperature in this study).
4 .6  B io d ie s e l  C h a r a c te r i s a t i o n
TO A analysis suggested that the BD methyl esters were considerably less volatile 
tlian petroleum-based diesel fuels. Thus some residue was still left from the biodiesel 
at 623K, which could cause coke deposit on the injectors of engines.T he activation 
energy for oil volatilisation was calculated firam the TGA plot using a pseudo- 
Anhenius plot. Results showed tliat the Ea values of all BD methyl esters were higher 
than for petroleum based diesel. GC/MS analysis identified seven types of fatty acids 
in the vegetable oil ester. The MS results suggested that the methyl esters from the 
same source had similar compositions whatever the catalyst used. The commercial 
biodiesel had the highest unsatuiated fatty acid content (about 84%, which is 10%- 
20% greater than the biodiesel synthesized in this study). The percentage of 
unsaturated fatty acids apparently can influence the various ftiel properties of esters.
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4 .7  D iese l  M lc ro e m u is io n  C h e m ic a l  C h a r a c te r i s a t i o n
The present emulsion results described in Chapter 2 allow optimisation of stable water 
in oil W /0 diesel/biodiesel microemulsions. Stability studies were undertaken by DLS 
and UV-Vis turbidity measurement. The latter appeared to be a rapid method for 
qualitatively determining the time - and thermal - stability of such microemulsions. 
The advantage of turbidity measurement is its suitability for a greater droplet size 
range than DLS measurement. At present, the droplet sizes of diesel micro emulsions
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are mainly reported from However, turbidity measurements are novel in
that there are no reports of the use of this method for observation of diesel 
microemulsion stability. The wavelength exponent (z) of the emulsions during 
aggregation was determined fioin tlie turbidity of the emulsions at multiple 
wavelengths. The author concluded that:
(i) New microemulsions could be produced with diesel, biodiesel and diesel- 
biodiesel blends.
(ii) For W/0 diesel microemulsions, the optimum HLB values (the balance of 
properties of the surfactant: hydrophilic — lip o p h ilic w e re  HLB = 11 (sucrose 
ester Sp50 surfactant), HLB=6 (sucrose ester Sp30 surfactant) and HLB = 4.3 
(Span 80). This work is novel in that there are no reports of the use of sucrose 
esters in the stabilisation of W/O diesel microemulsions whose droplet sizes are 
less than 20 nm. The use of Span 80 had been reported for W/diesel 
emulsions,'''"’'''' ’^''4^  although, as far as the author knows, there are no literature 
reports on Span 80 used alone as a surfactant to form W/D microemulsions whose 
droplet sizes are less than 10 nm. Hence, the present work provides three new 
W /0 diesel microemulsion systems.
(iii) Previously, W /0 biodiesel emulsion, 4'’'’ W/0 animal fat (duck fat) 
emulsion, 4^^^ W /0 diesel/vegetable oil microemulsions, 4^  ^ W/O vegetable oil 
microemulsion 4^  ^ and ethanol/diesel/biodiesel blends 4^  ^ have been reported. 
However, W/O diesel/ biodiesel microemulsions and the influence of HLB values 
to form this type of microemulsions have not been studied in detail. In this study, 
this was considered. As a result, Span 80 is shown to be suitable for the 
preparation of either W /0 diesel or W/O diesel/biodiesel microemulsions 
regardless of the biodiesel concentration. By contrast, HLB = 11 and 6 surfactants 
are also useful for the W/O diesel microemulsions, and with W /0 diesel/biodiesel 
microemulsions with a low biodiesel concentration (i.e. BD/D < 1/4).
(iv) Cosurfactant (COS) is also shown to be an important factor that strongly 
affects the solubilization of the emulsion. The present work shows that water 
solubilization would be maximum in butan-l-ol with Sp50 and Sp30 and in 1- 
pentanol with Span 80. hi fact, a long alcohol chain increases the interfacial
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rigidity (related to the interfacial tension).Polyphasic and liquid crystal media 
and shorter alcohols are favourable to a disordered interfacial film.^"'"'' '^' Therefore, 
propanol seems to possess the best amphiphilic balance.^^' The water solubility in 
W/O diesel emulsions was not determined by the position of OH group in the 
COS alkyl chain (i.e. 1- and 2-propanol have similar solubilization capacities), hi 
this study 2-propanol is selected as the cosurfactant. The di'oplet sizes for different 
COS derived in microemulsions was still < lOnni.
(v) The surfactant/cosui'factant ratio (Km) was also found to be a factor that can 
influence water solubilization and the microemulsion stability. A high Km value 
conti’ibutes to high water solubilization for all three surfactants (Km"=l/9 showed a 
good stability for all three surfactants). High Km values (of 1/2, 1/1 and 2/1) led to 
the depletion flocculation with HLB = 11 and 6 surfactants, unlike HLB = 4.3, 
which showed good stability even when Km increased.
The destabilization of sucrose esters mean that at high concentrations the sucrose 
ester was able to form viscous gel -  like structure as a continuous medium; the 
long alkyl chains of neighbouring sucrose ester overlapped to a high degree and 
caused a steric hindrance and increased friction . This structure acts as a
hydrodynamic barrier to tlie disruption of the dispersion and results in a 
significant decrease in the dioplet diffusion coefficient ( D ) ;  this leads to an 
increase collision radius and results in undesirable flocculation. Span 80 
possesses a long double-bond chain in its stmcture that may hinder chain 
f l e x i b i l i t y ; 4 ^ 4  poor flexibility for Span 80 hinders the chain overlap. As a 
result, the z values remain constant even though its concentration was raised.
In the system containing water/surfactant/2-propanol/ diesel (with constant 
K „ i = l / 9 ,  D m = 9 / 1  and water percentage=0.3%), good T -  insensitive characteristics 
were seen with span 80 in comparison to the HLB 11 and 6 surfactants. This is 
based on a general mle: If a more lipophilic surfactant is used, the mixing ratio of 
surfactant at the water -  oil interface is not changed over a wide range of 
temperature and leads to form a T -  insensitive emulsion.4^  ^As far as the author 
knows, there are no literature reports of the influence of Km and T on the 
formation of W/O diesel microemulsions with Sp50, Sp30 and Span 80 surfactants, 
where results were obtained from turbidity measurements.
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(vi) 111 microemulsions fiiels, the Dm value must be restricted. Therefore, D m = 9 / 1  
(oil portion 90wt%) and 8/2 (oil portion 80wt%) were chosen. The stability tests 
also indicated that the emulsions were stable (no phase separation) over months 
(i.e. D L S  indicated that there was no significant change in the mean droplet sizes: 
they were all lower than 3 nm). hi general, others report diesel loadings of > 80% 
in W/O diesel emulsion or microemulsions.^^4>265,266, 456
(vii) The influence of %H20 in the emulsion was also investigated. The results 
showed that droplet size increased with increased water concentrations. The 
stability was broken when the wt% was beyond the single phase microemulsion 
phase boundary and led to coalescence. This result is consistent with previous
reports.4” ’458
4.8  P r o p e r t i e s  o f  W /O D iese l  M ic ro e m u ls io n
From the point of view of the physico -  chemical properties (p, p and conductivity), 
the results in this study strongly support the use of W/diesel/biodiesel microemulsions 
as fuels.
An increase of the %H20 leads to raised ionic conductivity^^^ and densities (because 
water has a higher conductivity and density than oil). It was also found that the 
viscosity increased with increasing %H2 0  values as explained by Taylor,'''^® and the 
fraction of water (or other immiscible liquid) dispersed in the continuous phase 
increased the viscosity of the emulsions because the dispersed phase behaves like 
beads (increases the friction). Varying Km did not change the electrical conductivity 
and density significantly. However, the viscosities changed with Km; this is attributed 
to the occurrence depletion flocculation dming the viscosity measurement. Different 
COS types did not affect density, but did affect conductivity and viscosity. Lower Dm 
values causes the density, conductivity and viscosity to fall strongly. When the 
percentage of biodiesel increased, the density, conductivity and viscosity also 
increased, due to: (i) biodiesel having a higher density than diesel^^' leading to higher 
flow resistance’"4 (see Fig.2-35); higher viscosities were obtained by the introduction
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of more biodiesel and (ii) biodiesel (fatty acid methyl esters) exhibits relatively high 
ionic conductivity4*^ .^ The physical properties were not influenced by the surfactant 
because the surfactant concentration was low (other parameters were kept constant).
SmTace tensions of different samples were deteiinined in tenus of contact angles 
(measured by easy drop contact angle goniometer). The results revealed that biodiesel, 
diesel and isopropanol all displayed values of surface tension (24 -  27 mN/m) that 
were much less than water. This is consistent with the findings of others.4^"’4'^ 4 Yhe 
two microemulsion samples showed the lowest surface tensions (Table 2-10) because 
the microemulsion contains surfactant and cosurfactant (2-propanol), both of which 
are able to reduce the surface te n s io n .A t  present, no similar reports have been 
found for diesel microemulsions and it is likely that the surface tension results are 
novel. As a result, the microemulsions tested had a lower surface tension, which is 
beneficial to fuel combustion.
4.9 E n g in e  E m is s io n s
In Chapter 3, the author considered the critical physical properties of the fuels in 
terms of engine performance. Of the tested fuels, blends biodiesel (9/1, 8/2 and 7/3 
D/BD ratios), and W /0 diesel/biodiesel microemulsions were all applicable to diesel 
engines, where damage to the engine was unlikely according to the five perfoiinance 
parameters (see page 151). Among these fuels, the W /0 diesel/biodiesel 
microemulsion was novel (this being the first report of its use in a diesel engine). 
Others have used diesel -  alcohol microemulsions in engine tests^ "^  ^(used ethanol and 
ethyl acetate).
All these fuels were tested in a diesel engine under the same conditions. For all fuels, 
the NOx emissions rose with increasing engine loads. This can be attributed to the fact 
that a higher fuel feeding rate at higher engine loads caused a higher burning 
temperature, which in turn facilitated the oxidation of N2 to NOx (according to the 
extended Zeldovich thermal NOx mechanism).'''^^ Meanwhile DEP emissions and fuel 
consumption also rose with engine loads, probably because the increase in the engine 
loads required a higher fuel consumption rate (i.e. there was not enough time to 
combust more fuel feed as the loads increased).''*^  ^However, the CO emissions and
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HC emissions peaked at 0% load and then dropped with increasing load, only to peak 
again at 75% load. This related to the A/F (Air/Fuel) ratios; tlie exhaust concentration 
of CO or HC is small when a homogeneous mixture is burned at stoichiometric 
air/fuel (A/F) ratio mixture or on the fuel lean side of stoichiometric.4^^
In engine tests, the microemulsion fuels brought about a reduction in the levels of fuel 
consumption, NOx, DEPs and HC, but an enliancement in CO emissions. The higher 
CO level was explained by the burning gas temperatuie in the engine cylinder. With a 
higher burning gas temperature accelerating the oxidation rate of CO to CO2 , less CO 
will be emitted in the exhaust gases of the engine.'*^’' A lower gas temperature was 
produced in emulsion burning due to the presence of water.4^ ' Consequently, W/O 
diesel microemulsions are expected to produce higher levels of CO emissions than 
neat diesel. Comparing two emulsion fuels, there were also differences. 4.3-8219-0.3 
contains on average smaller dispersed phase water -  droplets (i.e. 2 nm) allowing 
more frequent microexplosions;4^^ this causes a higher buiiiing gas temperature in the 
engine cylinder and consequently lowers CO emissions compared to 4.3-8219-1.0 
(with 8 nm droplets). The lower NOx emission is because this fuel had smaller and 
more evenly distributed water droplets in the oil layer, resulting in more complete 
buining4^". The HC reduction can be explained by the fact that emulsion friels were 
fomid to produce lower concentrations of PAH (Polycyclic aromatic hydrocarbons)."^® 
4.3 -8219-1.0 exhibited a 34% HC reduction compared to diesel, while the others 
reported HC reductions can be up to 70% off when W/O diesel emulsion contained 
15% H20.4^4 Yhe fuel consumption reduction is attributed to the microexplosions;""’' 
they mix fuel and air well and maximise the air -  fuel interfacial area4^ .^ As a result 
the combustion and the burning efficiency are improved, thus fuel consumption is 
reduced. The fuel consumption increased with decreasing water content over the 
range of engine loads investigated. The influence of water may be attributed to an 
effect of the atomization process, as well as the ignition temperature. 4^*^ Other 
researchers have also fomid that fuel consumption decreases with increasing water 
content. 4^  ^ ’428 addition, water addition to the emulsions causes a significant 
increase in spray volume and thus considerably increased levels of air into emulsion 
spray. Hence, a decrease in DEPs from the burning emulsion was observed compared 
to neat diesel fuef^^. A comparison of two W /0 diesel microemulsion fuels (4.3- 
8219-0.3 and 4.3-8219-1.0), showed a slight decrease in soot content when the added
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1.0wt% than 0.3wt% water contents at high loads. The increased water levels led to a 
reduction in DEPs levels as have previously been reported.''^’'
The potential of biodiesel and diesel blends as an alternative substitute to fossil fuel -  
derived fuels has also been considered in this study. Tests suggested they had 
potential for use in diesel engines. The HC, DEPs and CO exhaust emissions were 
lower than with neat diesel, which is consistent with others reports"*^ "’ This
reflected the high wt% of O in biodiesel, which aids complete combustion. 4^ ’ 
However, the fuel consumptions and NOx emissions of the blended fuels was slightly 
higher than with diesel alone. Increases in fuel consumption and NO% emissions were 
proportional to the amount of biodiesel added in the blend. As described before, NOx 
is foraied by oxidation of atmospheric nitrogen at high temperatures; hence the rate of 
NOx formation is highly dependent on temperature and the availability of oxygen.4®^ It 
is clear, that biodiesel entrances the nitrogen combustion due to the high O contents. 
The higher fiiel consumptions are attributed to the net calorific value of the biodiesel 
(11.23% lower than that of diesel).4^^
The W/diesel/biodiesel blended microemulsion fuels have similar performance 
parameters with neat diesel. Emission was significantly lower for both HC and DEPs 
(because the water in the emulsion and O in the biodiesel are both beneficial to the 
lowering HC and DEPs levels). CO and NOx emissions were dependent on the engine 
loads. The presence of microexplosions in the emulsion fuel is the main influence at 
light engine load; the wt% of O in the biodiesel became the main influence at high 
engine loads (i.e. 75%). In comparison with neat diesel, the CO emissions were higher 
at light load and lower at high engine loads, which is the opposite trend to NOx 
emissions. These W/diesel/biodiesel microemulsion flielled engine tests are thought to 
be novel.
4 .10  F u e l -  B o rn e  a n d  W a te r  -  B o rn e  C a ta ly s t s
Fuel additive catalysts, to reduce DEPs emissions, have been reported widely"^ '^""4 
The main elements used are Ce4®4>4^ ^^  Fe4®^ , Cu4^ ,^ Pt4®^ . The catalysts are tiaditionally 
dissolved in the fuel (fuel - borne, FBC). In this study, a water home catalyst (WBC) 
was inti'oduced into the aqueous phase of select microemulsions. With regard to the
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influence of the Ce-based catalysts (FBC and WBC), it is clear that Ce02-y exists in 
the emitted particulates. STEM located Ce02.y as: (i) metal oxide aggregates and (ii) 
nano metal particles decorated on the soot particles. This observation is consistent 
with others."^ 4 The EDX spectra and diffraction patterns proved the presence of two 
Ce oxide states. Moreover, EELS (which is suitable for the analysis of changes in 
oxidation state of Ce) suggested that the oxidation state is mainly Ce4  ^ in both metal 
aggregates and nanoparticles with tiaces of Ce""*. This is slightly different to a prior 
study by Heejung Jung et al,4^  ^who found FBC Ce present as Ce02 in the DEPs and 
proposed that cerium reaches its highest oxidation state very early during the
particle formation phase. This may result from WBC cerium being protected by a 
surfactant in the W /0 diesel microemulsions (the Ce"  ^ ions cannot have sufficient 
time to react with O2 during the soot fomiation phase). It was found that the FBC 
yielded iiTegularly shaped diesel particles in comparison to those generated by the 
WBC. hi addition, Raman spectra showed that the Ce dosed DEPs had less disorder 
than DEPs generated from neat diesel fuel, whereas, the DEPs generated from D/BD 
blends and W/0 diesel/BD microemulsions exhibited more disorder. The disorder 
geometry of soot agglomerates has been suggested to enliance the condensation of 
water and other chemical species (decreased equilibrium vapour pressure from the 
negative cuiwature (Kelvin) effect).4®®
The influence of the WBC cerium additive on the kinetics of subsequent diesel 
particle oxidation has been considered using TGA and DSC. Cerium addition was 
observed to decrease the oxidation temperature (T,„ax) from 750K down to around 
700K; however, the activation energy of DEP oxidation was unchanged (191 and 196 
kJ mol"’ for undoped and doped respectively). This result agreed with prior reports 
that have already drawn the conclusion that the presence of FBCs did not change the 
activation energy.4’4
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4.11  O b je c t iv e  S u m m e r i e s
For biodiesel section the autlior met the following objectives:
(i) Understood the transestérification process for biodiesel and biodiesel prepar ation.
(ii) Prepared improved CaO - based catalysts and characterized these catalysts to 
understand the catalyst’s structme and properties relationships.
(iii) Prepared vegetable biodiesel oil with traditional homogeneous and improved 
heterogeneous catalysts using both conventional convection heating and 
microwave heating.
(iv) Characterized the product biodiesels using ’H NMR, GC/MS and TGA and 
determined the oil conversion levels to FAME, the contents of the FAME and 
the volatility of the biodiesel.
(v) Investigated the kinetics of transestérification at different temperatrues and 
determined the reaction order and activation energy for NaOH and CaO-based 
catalysts.
In the diesel microemulsion study the following goals were met: (i) development of 
new W/D (BD) microemulsions, (ii) evaluation of their stabilities via DLS and a new 
turbidity method, and (iii) measiuement of tlieir properties in terms of their 
conductivity, viscosity and sruface tension.
From the engine tests, diesel emissions (CO, HC, NO and particles) were evaluated 
for the various fuels (diesel, biodiesel/diesel blend, diesel microemulsion and 
W/D/BD microemulsion). A newly designed WBC was also tested and characterized,
and was foimd to play the same role with FBC.
i
Overall, it is clear to see that the objectives mentioned earlier in Chapter 1, 2 and 3 II
had been achieved. !
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4 .1 2  F u tu r e  W o r k
Currently, the fiiture of biodiesel is limited by the availability of raw materials. It 
would be useful if  the following research on algae as a new raw feedstock could be 
undertaken (algae is cuiTently a hot topic). The advantages of algae are:
1) It is produced from the sea or lake water (save land area for production of food 
for humans);
2) It consiunes lar ge amounts of atmosphere CO2 ;
3) It is rich in lipid contents (especially microalgae);
4) It grows faster than the other raw feedstocks (such as soy bean, sunflower et al.) 
In the author’s opinion, the cmrent obstacles to the use of algae (i.e. cultivation''^’' and 
lipid extraction''®^’'’^ ') will be solved soon, and human beings will benefit from the 
biodiesel in the future.
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A p p e n d ix -2  D e m o n s t r a t io n  o f  TO F c a lc u la t io n
As described in section of 1.3.2.2, the TOF can be expressed as:
— = T O F  (Eq. M 2) n
Firstly, the r (mol/h) is the rate of product formed, which can be obtained with the aid 
of the product formed (mol) and time (h) plot, and then, differentiated at a given time. 
The derivative is the r at tlie given time (0.5h, see below). Secondly, n is the mole of 
catalyst used in the transestérification (in this case NaOH is 0.017mol). Hence, the 
TOFsomin for NaOH is 6.35 mol h"^  molcat'\
0.14
0.13
dy0.12
=5 011 
&LU 0.10ILi. 0.09
0.08
0.07
0.06
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
time (h)
Appendix 2-1 the FAME transestérification with NaOH (see Table 1-11) and the rate
at 30mins (0.107niol/li)
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A p p e n d ix -3  GC/M S P ro f i le s  fo r  BD a n d  S u n f lo w e r  oil 
o b ta in e d  a s  d e s c r i b e d  in C h a p te r  1
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Appendix 3-1 GC/MS profile of sunflower oil
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Appendix 3-2 GC/MS profile of commercial biodiesel
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4 -B D N a O H  (1:10 MeOH)
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Appendix 3-3 GC/MS profile of biodiesel produced by NaOH
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Appendix 3-4 GC/MS profile of biodiesel produced by CaO (012)
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Appendix 3-5 GC/MS profile of biodiesel produced by CaO(012)/C=7/3
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A p p e n d ix -4  W /0  D ie s e l /B io d ie se l  M ic ro e m u ls io n s  in 
C h a p te r  2
t(h)
0.5
Sample appearances
(a) (b) (c) (d)
BD=10wt% 20wt% 50wt% 80wt%
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A4-1 Visible stability of W/O diesel/biodiesel emulsion with surfactant sp50 in Table
2-4(H L B ll)
t (h)
0.5
Sample appearances
(a) (b) (c) (d)
BD=10wt% 20wt% 50wt% 80wt%
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A4-2 Visible stability of W/0 diesel/biodiesel emulsion with surfactant sp30 in Table
2 -4 (HLB6)
t(h) Sample appearances
(a) (b) (c) (d)
BD=10wt% 20wt% 50wt% 80wt%
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%A4-3 Visible stability of W/O diesel/biodiesel emulsion with surfactant spanSO in
Table 2 -4 (HLB4.3)
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Appendix-5 Turbidity and Wavelength Exponent plots 
for samples described in Fig.2-29, Chapter 2
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Appendix -6 Interim Report for Fractal Dimension  
Calculations
The fractal dimension (D) is given by below:'^^^
log(N s)=D X iog(l/s)
where N is the number of segments covering the aggregate perimeter and s is the 
segment length used in analysis seen in TEM images. For DEPs from the engine at 
25%, 50% and 75% load, D was estimated from the positive slope of log(Ns) versus 
log(l/s) plots, data are shown in below Table.
Table 5 -  1 Fractal dimension of emitted particles
"^"'■^ -■«..^Engine load 
F u
25% 50% 75%
Diesel 
Fractal Dimension (D^ t)
1.05 1.046 1.30
TEM ima
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(c)
TEM image of diesel soot at 25% engine load (a) s=0.5cm, (b) s=l .0cm, (c) s= 1.5cm
and (d s=2cm______________  __
1 0 0  nm
TEM image of diesel soot at 50% engine load (a) s=0.5cm, (b) s= 1.0cm, (c) s=l .5cm 
_____________________________ and (d) s^2cm
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(a) ______________tb)________
(c) (d)
T E M  i m a g e  o f  d i e s e l  s o o t  a t  7 5 %  e n g i n e  l o a d  ( a )  s = 0 . 5 c m ,  ( b )  s = 2 c m ,  ( e )  s = 3 c m  a n d
( d )  s = 4 c m
l o g ( N s )  v e r s u s  l o g ( l / s )  p l o t s :
2.5
6  D i e s e l  25% l o a d
y =  1 .0 4 6 1 1  +  1 .9 8 6 4  
r ’  =  0 . 9 9 9 1D i e s e l  50% l o a d
X D i e s e l  75% l o a d
1.0522X + 1.7053 
R' = 0.9977y =  1. 3 0 0 5 1  +  1 .9 2 4 1  
r ’  =  0 . 9 9 9 9  .  ^2
0.5
-0 .7  -0 .6  -0 .5  -0 .4  -0 .3  -0 .2  -0 . 1 0 0. 1 0.2 0.3 0 .4
l o g ( l / s )
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Appendix-7 CO, NO* and HC Calibration Curves and 
Emission Concentrations Conversion
T h e  b e l o w  t a b l e  a n d  f i g u r e s  p r e s e n t  t h e  r e l a t i o n s h i p  o f  t h e  p r e s e t  C O ,  N O x ,  H C  
c o n e e n t r a t i o n s  ( p p m )  a n d  P i c o  l o g  r e a d i n g s  ( P L R ,  m v )  a s  c a l i b r a t i o n .
C O N O x H C
P r e s e t
c o n c e n t r a t i o n
(ppm)
P L R P r e s e t
c o n c e n t r a t i o n
(ppm)
P L R P r e s e t
c o n c e n t r a t i o n
(ppm)
G C  p e a k  
a r e a
0 0 0 0 0 0
6 0 0 1 9 . 1 4 0 0 4 3 0 2 5 0 7 . 0 4
1 0 0 0 2 9 . 6 6 0 0 6 2 8 . 4 3 3 0 1 0 . 8
1 5 0 0 4 8 . 5 2 8 0 0 8 5 7 . 5 4 5 0 1 4 . 8 3
2 0 0 0 5 7 . 5 3 1 0 0 0 1 0 6 3 . 9 5 5 0 1 7 . 6
T h e  s a m p l e s  o f  t h e  e x h a u s t  s t r e a m  f r o m  t h e  e n g i n e  ( 6 0 e m ^ )  w a s  i n t r o d u c e d  t o  t h r  
a n a l y s i s  r i g  t h r o u g h  w h i c h  N ]  w a s  f l o w i n g  a t  l O O c m V m i n .  P r o f i l e s  s u c h  a s  t h o s e  
s h o w n  i n  t h e  f i g u r e  ( s e e  b e l o w  ( d )  a n d  ( f ) )  w e r e  o b t a i n e d  a n d  t h e  m a x i m u m  i n  t h e  
p r o f i l e  w a s  c o n v e r t e d  i n t o  t h e  e x h a u s t  C O  a n d  N O  a n a l y s i s  a s s u m i n g  n o  e x h a u s t  
d i l u t i o n .  O f  c o u r s e  a n a l y s i s  w i t h  C O  a n d  N O %  w a s  e s s e n t i a l l y
2500
y = 33. 59x -  19. 617 
= 0. 99122000
1500
1000
500
-500
I’LR (mv)
( a )  C O  c a l i b r a t i o n  c u r v e
1200
y = 1.0646X -  0.2251 
R^  = 0. 99981000
800
600
200
200 400 600 800 1000-200
PLR (mv)
( b )  N O x  c a l i b r a t i o n  c u r v e
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800
700 y = 28. 450% + 24. 136
'■ 600
S 500
g 400
300
g 200
100
GC peak a re a
( c )  H C  c a l i b r a t i o n  c u i ' v e  
c o n t i n u o u s  a n d  t h o s e  r e s u l t s  a r e  m o r e  a c c u r a t e  t h a n  t h e  p e r i o d  H C  a n a l y s i s .
100
80 -
Î emission (CO, 25% load) injection
B■H
A 4 0 -
boorH
o  2 0  - 
o
N2 flowing emission
(CO, 50% load)injection
CL
tim e ( 5 )
-20
( d )  e m i s s i o n  C O  i n j e c t i o n  a n d  N 2  f l o w i n g
1600
N2 f lo w in g  e m is s io n
1400
1200
[NOx, 50% lo a d )  i n j e c t i o« 1 0 0 0
1
M 600
o 400 
u£ 200
(NOx, 25% lo a d )  i n j e c t i o n  
\
time (s)-200
( e )  e m i s s i o n  N O x  i n j e c t i o n  a n d  N 2  f l o w i n g
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Appendix-8 Comparison o f Stationary and Vehicle Engine 
DEP Emissions
T h e  e m i t t e d  p a r t i c l e s  a r e  f r o m  ( a )  a  d i e s e l  f u e l l e d  l a b  t e s t e d  e n g i n e  a n d  ( b )  a  v e h i c l e  
e n g i n e .  T h e y  w e r e  o x i d i z e d  w i t h  t h e  D S C  i s  f l o w i n g  a i r  ( d e t a i l e d  i n  s e c t i o n  o f  
3 . 2 . 3 . 2 ) .  T h e  p r o f i l e s  w e r e  d i s p l a c e d  i n  A p p e n d i x 8 - 1 .
A S T M  h a s  a l r e a d y  s u g g e s t e d  c a l c u l a t i n g  t h e  a c t i v a t i o n  e n e r g y  f o r  D E P  o x i d a t i o n  
( m e n t i o n e d  i n  s e c t i o n  o f  3 . 3 . 7 . 2 ) .  T h e  a c t i v a t i o n  e n e r g y  f o r  o x i d a t i o n  p a r t i c l e s  f r o m  
t h e  l a b  e n g i n e  ( a )  w a s  1 9 1 . 8  k j . m o f *  a n d  f o r  a  d i e s e l - e n g i n e  v e h i c l e  ( b )  w a s  
1 0 1 . 7 k J . m o l ' \  T h e  r e s u l t  o f  ( a )  a r e  q u i t e  c l o s e  t o  t h e  s t u d y  b y  S t a n m o r e  e t  a l ,  w h o  
f o u n d  t h e  a c t i v a t i o n  e n e r g y  o f  d i e s e l  p a r t i c l e  o x i d a t i o n  w a s  2 1 0 k J / m o l . '* * ^  H o w e v e r ,  
t h e  r e s u l t  o f  ( b )  i s  c o n s i s t e n t  w i t h  t h e  d a t a  f r o m  H . J u n g  e t  a l  ( w h o  f o u n d  i t  w a s  
1 0 8 k J / m o l ) . ' ^ * ^  I t  i s  c l e a r  t o  s e e  t h e  e n g i n e  u s e d  w i l l  e f f e c t  t h e  D E P s  f o i m a t i o n .
I t  i s  i n t e r e s t i n g  t h a t  t h e r e  a p p e a r s  t o  b e  t w o  (  a  a n d  P  )  o x i d a t i o n  p e a k s  f o r  t h e  s i n g l e ­
c y l i n d e r  l a b o r a t o r y  e n g i n e ,  b u t  o n l y  t h e  ^  p e a k  i s  s e e n  i n  t h e  c o m m e r c i a l  v e h i c l e  
e n g i n e  ( s e e  i n  A p p e n d i x 8 - 1 ) .  H e n c e  t h e  s i n g l e  c y l i n d e r  e n g i n e  a p p e a r s  t o  e x h i b i t  a  
h i g h l y  r e a c t i v i t y  s p e c i e s  t h a t  o x i d i s e s  ( a t  l e a s t  i n  p a i t )  a t  l o w e r  t e m p e r a t u r e s  t h a n  
t h o s e  f r o m  a  c o m m e r c i a l  v e h i c l e  e n g i n e .  T h e  D E P s  f r o m  e n g i n e  o p e r a t i n g  a t  7 5 %  
l o a d  w i t h  t h e  d i e s e l - o n l y  f u e l  h a d  a  t o t a l  s u r f a c e  a r e a  o f  5 8 . 3 m ^ . g '* .  T h i s  i s  h i g h e r  
t h a n  f o r  a  c o m m e r c i a l  v e h i c l e  d i e s e l  e n g i n e  ( 3 0 . 5  m ^ . g '* ) .
X P S  o f  t h e  D E P s  e m i t t e d  f r  o m  t h e  l a b o r a t o r y  e n g i n e  w i t h  d i e s e l  f r i e l  w h e n  o p e r a t i n g  
a t  7 5 %  l o a d  r e v e a l e d  t h a t  t h e  p a r t i c u l a t e s  w e r e  o n  a v e r a g e  C 9 3 .7 6 N 0 .9 2 O 4 .9 2 , w i t h  o n l y  
o n e  s m a l l  N l s  p e a k  s e e n  ( A p p e n d i x  8 - 2 ) ,  a t  l o w e r  c o n c e n t m t i o n s  t h a n  p r e v i o u s l y  
n o t e d  ( G u o  a n d  S e r m o n  ( 2 0 0 5 ) ) " * ^ ^ .  T h i s  X P S  b a n d  a t  4 0 1 . 7 e V  i s  c l o s e s t  t o  t h e  
b i n d i n g  e n e r g y  f o r  a  n i t r o s a m i n e  s u r f a c e  g r o u p ,  w h i c h  i s  m o r e  i n j u r i o u s  i n  a n  u r b a n  
e n v i r o n m e n t  t h a n  s m f a c e  n i t r a t e / n i t r i t e  s m T a c e  g r o u p s  a t  4 0 7 e V ( G u o  a n d  S e r m o n
( 2 0 0 5 ) / ® ’ .
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6000 — lOK/iin
— 20K/iin
5000
— 30K/iin
— 5 0 K / i i n
-3000
1000
400300 500 600 700 800 900 1000
T(K)
(a)
6000 — lOKmin 
— 20K 
— 30Kmin 
— SOKmin
- 4 0 0 0
600 900
( b )  ___________________________________________________
A p p e n d i x  8 - 1 .  D S C  p r o f i l e s  i n  a i r  f l o w i n g  a t  l O O c m  V m i n  a t  d i f f e r e n t  h e a t i n g  r a t e s  f o r  
D E P s  f r o m  ( a )  d i e s e l  f u e l l e d  e n g i n e  o p e r a t i n g  a t  7 5 %  l o a d  a n d  ( b )  a  c o m m e r c i a l  o n  
r o a d  d i e s e l  - e n g i n e d ________________________
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1 0 9 5 0
75% load
1 0 9 0 0
1 0 8 5 0
- K  1 0 8 0 0
1 0 7 5 0
1 0 7 0 0
1 0 6 5 0
c o i T e c t e d  b i n d i n g  e n e r g y  ( e V )
A p p e n d i x  8 - 2 .  N i s  X P S  p e a k  f o r  D E P s  f r o m  t h e  l a b  t e s t e d  e n g i n e  o p e r a t i n g  a t  7 5 %
l o a d .
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Appendix-9 Publication
9 * ^  C o n f e r e n c e  o n  E n e r g y  f o r  a  C l e a n  E n v i r o n m e n t  ( C l e a n  A i r  2 0 0 7 )
LOWER EMISSIONS FROM EMULSION -  FUELLED DIESEL 
ENGINES
Y u  C h e n g  a n d  P . A .  S e r m o n
C h e m i s t r y ,  f a c u l t y  o f  H e a l t h  a n d  M e d i c a l  S c i e n c e s ,  U n i v e r s i t y  o f  S u r r e y ,  G u i l d f o r d ,  
S u r r e y ,  G u 2  7 X H ,  U k
Abstract
S i n g l e  -  p h a s e  w a t e r  -  i n  -  d i e s e l  ( W / D )  e m u l s i o n s  o f  v e r y  l o w  w a t e r  c o n t e n t  
( i . e . < 1 . 0 w t % )  i n  a  s i n g l e  c y l i n d e r  l a b o r a t o r y  -  b a s e d  d i e s e l  e n g i n e  p r o d u c e d  
s i g n i f i c a n t l y  l o w e r  l e v e l s  o f  e m i t t e d  p a r t i c u l a t e s ,  N O x ,  C O  a n d  h y d r o c a r b o n s  t h a n  
d i e s e l  ( D )  a l o n e .  H o w e v e r ,  t h e  p a r t i c u l a t e s  w e r e  f r a c t a l ,  a g g r e g a t e d  a n d  i n  p a i t  m o r e  
r e a c t i v e  t o w a r d s  0 % t h a n  p a r t i c u l a t e s  e m i t t e d  f o m i  d i e s e l  e n g i n e s  i n  c o m m e r c i a l  
v e h i c l e s .  T h e  m a j o r  h y d r o c a r b o n s  s e e n  w e r e  s i m p l e  a l k a n e s  ( o c t a n e ,  d e c a n e ,  
d o d e c a n e  a n d  h e x a d e c a n e ) ,  b u t  t r a c e s  o f  b e n z a l d e h y d e  w e r e  a l s o  d e t e c t e d .  S u c h  
a n a l y s e s  a r e  n o w  t o  b e  e a r n e d  o u t  ( i )  f o r  b i o d i e s e l  ( B D ) ,  ( i i )  f o r  D / B D  b l e n d s  a n d  ( i i i )  
i n  t h e  p r e s e n c e  o f  w a t e r  -  s o l u b l e  a n d  D  -  s o l u b l e  f u e l  -  b o r n e  c a t a l y s t s .  T h e  w t %  
w a t e r  i n  t h e s e  h o m o g e n e o u s  e m u l s i o n s  r i s e s  s m o o t h l y  a s  t h e  s u r f a c t a n t  ( i . e .  s u c r o s e  
e s t e r )  +  c o s u r f a c t a n t  ( i . e .  2 -  p r o p a n o l  o r  e t h a n o l )  l e v e l  r i s e s  t o  4 0 w t %  a n d  t h e  
s u r f a c t a n t / c o s u r f a c t a n t  r a t i o  r i s e s  t o  2 .  I t  m a y  b e  t h a t  t h e  e n g i n e  w i l l  n o t  o p e r a t e  a t  
h i g h  w a t e r  l e v e l s ,  w h e n  i t  d o e s  a t  a n  o p t i m u m  w a t e r  c o n t e n t  p a r t i c u l a r  a t t e n t i o n  w i l l  
b e  g i v e n  t o  t h e  l o w e r i n g  l e v e l s  o f  d i e s e l  -  e m i t t e d  p a r t i c l e s  ( D E P s )  w h i l e  p r o d u c i n g  
e v e n  m o r e  t o x i c  c a t a l y s t  -  d e r i v e d  p a r t i c l e s .
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Appendix-10 Codes for the Software Carbon Chain 
Calculator
/ /  C a r b o n  c h a i n  c a l c u l a t o r . c p p  : D e f i n e s  t h e  e n t i y  p o i n t  f o r  t h e  c o n s o l e  a p p l i c a t i o n .
//
# i n c l u d e  " s t d a f x . h "
# i n c l u d e  < m a t h . h >
v o i d  m a i n ( i n t  a r g c ,  c h a r * *  a r g v )
{
int ij;
d o u b l e  i n p u t ;
w h i l e ( l )
{
p r i n t f ( " P l e a s e  i n p u t  p a r e n t  i o n .  T o  t e r m i n a t e  t h e  p r o g r a m ,  i n p u t  0 . \ n " ) ;
j = s c a n f ( " % d " , & i ) ;
i f ( j = = 0 ) {
p r i n t f ( " I n p u t  i n v a l i d !  P l e a s e  i n p u t  a  N U M B E R . V n " ) ;  
f f l u s h ( s t d i n ) ;  }
e l s e {
i n p u t  =  ( d o u b l e ) i ;  
i f ( i n p u t  = =  0 )  e x i t ( O ) ;
/ / p r i n t f  ( " % d \ n " , s c a n f ( " % d " , & i ) ) ;
/ / s c a n f ( " % d ” ,  & i ) ;
d o u b l e  y l , y 2 , y 3 , y 4 ;  
y  1 = y 2 = y 3 = y 4 = 0 . 0  ;
y l  =  ( ( i n p u t + l ) - 7 4 - 1 5 ) / 1 4 + 2 ;  
y 2  =  ( ( i n p u t + l ) - 7 4 - 1 5 + 2 ) / 1 4 + 2  
y 3  =  ( ( i n p u t + l ) - 7 4 - 1 5 + 4 ) 7 1 4 + 2  
y 4  =  ( ( i n p u t + l ) - 7 4 - l  5 + 6 ) 7 1 4 + 2
i n t  x l , x 2 , x 3 , x 4 ;  
x l = x 2 = x 3 = x 4 = 0 ;  
x l  =  f l o o r ( a b s ( y l ) )  
x 2  =  f l o o r ( a b s ( y 2 ) )  
x 3  =  f l o o r ( a b s ( y 3 ) )  
x 4  =  f l o o r ( a b s ( y 4 ) )
p r i n t f ( " y l  =  % f \ n " , y l ) ;  
p r i n t f ( " y 2  =  % f \ n " , y 2 ) ;  
p r i n t f ( " y 3  =  % f \ n " , y 3 ) ;  
p r i n t f ( " y 4  =  % f \ n " , y 4 ) ;
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i f ( ( a b s ( y l ) - x l ) = = 0 )  p r i n t f ( ’' * * * * * * * * * * f o m u l a  1  h a s  a  i n t e g e r  
o u t p u t !  * * * * * * * * *  * \ n \ n " ) ;
e l s e  i f ( ( a b s ( y 2 ) - x 2 ) = = 0 )  p r i n t f ( " * * * * * * * * * * f o m u l a  2  h a s  a  
i n t e g e r  o u t p u t !  * * * * * * * * * * \ n \ n " ) j
e l s e  i f ( ( a b s ( y 3 ) - x 3 ) = 0 )  p r i n t f ( "  * * * * * * * * * *  f b m u l a  3  h a s  a  
i n t e g e r  o u t p u t ! * * * * * * * * * * \ n \ n * ' ) ;  !
e l s e  i f ( ( a b s ( y 4 ) - x 4 ) = = 0 )  p r i n t f ( "  * * * * * * * * * *  f b m u l a  4  h a s  a  !
i n t e g e r  o u 1p u t ! * * * * * * * * * * \ n \ n " ) ;  j
e l s e  p r i n t f ( " N o  f u n c t i o n  h a s  a  i n t e g e r  o u t p u t ! \ n \ n " ) ;  i
}  I
}
}
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8 5  B . B a i j u ,  M . K . N a i k ,  L . M . D a s ;  R e n e w a b l e  E n e r g y  3 4  ( 2 0 0 9 )  1 6 1 6 - 1 6 2 1
8 6  W .  W i l l i a m ;  C h r i s t i e  G a s  C h r o m a t o g r a p h y  a n d  l i p i d s  O i l y  P r e s s ,  B r i d g w a t e r  
1 9 8 9 .
8 7  S . S i n h a ,  A .  K .  A g a r w a l ,  S .  G a r g ;  E n e r g y  C o n v e r s i o n  a n d  M a n a g e m e n t  4 9  ( 2 0 0 8 )  
1 2 4 8 -  1 2 5 7
8 8  W . B . W . N i k ,  F . N . A n i ,  H . H . M a s j u k i ;  E n e r g ) >  C o n v e r s i o n  a n d  M a n a g e m e n t  4 6
( 2 0 0 5 ) 2 1 9 8 - 2 2 1 5
8 9  G . C a y h ,  S . K u s e f o g l u ;  F u e l  P r o c e s s i n g  T e c h n o l o g y  8 9  ( 2 0 0 8 )  1 1 8  -  1 2 2
9 0  R . M . W u ,  D . J . L e e ,  C . Y . C h a n g ,  J . L . S h i e ;  J .  A n a l y t i c a l  a n d  A p p l i e d  P y r o l y s i s  7 6
( 2 0 0 6 )  1 3 2 - 1 3 7
9 1  D . S a m i o s ,  F . P e d r o t t i ,  A . N i c o l a u ,  Q . B . R e i z n a u t ,  D . D . M a r t i n i ;  F u e l  P r o c e s s i n g  
T e c h .  i n  P r e s s i n g  ( 2 0 0 9 )
9 2  X . P . F e n g ,  X . D . Z h o u ,  J . L . X i e ;  J .  W u h a n  U n i v .  T e c h n o l .  2 6  ( 2 0 0 4 )  3 0  -  3 5
9 3  A . K a w a s h i m a ,  K . M a t s u b a r a ,  K . H o n d a ;  B i o r e s o u r c e  T e c h .  9 9  ( 2 0 0 8 )  3 4 3 9  -  3 4 4 3
9 4  G . R . S i r u g u r i ;  J .  P h y s  1 2  ( 2 0 0 0 )  1 6 8 3
9 5  B . D . C u l l i t y ;  E l e m e n t s  o f X -  R a y  D i f f r a c t i o n  e d .  A d d i s o n  -  W e s l e y  ( 1 9 7 8 )  3 2  
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9 6  M . L o p e z ,  M . D . Z a f r a ,  D . M . A l o n s o ;  A p p l i e d  C a t a l y s i s  B :  E n v i r o n m e n t a l  7 3  ( 2 0 0 7 )  
3 1 7 - 3 2 6
9 7  P .  A g a r w a l ,  K . B e r g l u n d ;  C r y s t a l  G r o w t h  a n d  D e s i g n  3  ( 2 0 0 3 )  9 4 1  -  9 4 6
9 8  G . J . S u p p e s ,  K . B o c k w i n k e l ,  S . L u c a s ,  J . B . B o t t s ;  J .  A m .  O i l  C h e m .  S o c .  7 8  ( 2 0 0 1 )
1 3 9 - 1 4 6
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9 9  F . C a i ,  B .  B  Z h a n g ,  J .  L i n ,  G . Y .  M a n g ,  W .  P .  F a n g ,  L . F .  Y a n g ;  A c t a  P h y s i c o  ~  
C h i m i c a  S i n i c a  2 4  ( 2 0 0 8 )  1 8 1 7  -  1 8 2 3
1 0 0  F . M a ,  M . A . H a m i a ;  B i o r e s o u r  T e c h n o l  7 0  ( 1 9 9 9 )  1 - 5
1 0 1  X . L i u ,  X . P i a o ,  Y . W a n g ;  F u e l  1 8 7  ( 2 0 0 8 )  1 0 7 6  -  1 0 8 2
1 0 2  S X .  Y a n ,  H . F .  L u ,  B .  L i a n g ;  E n e r g y  a n d  F u e l s  2 2  ( 2 0 0 8 )  6 4 6  -  6 5 1
1 0 3  M . L o p e z  G r a n a d o s ,  M . D . Z a f r a  P o v e s ,  M a i t f n  A l o n s o ,  e t . a l . ;  A p p l i e d  C a t a l y s i s  B :  
E n v i r o n m e n t  7 3  ( 2 0 0 7 )  3 1 7  -  3 2 6
1 0 4  S .  Y a n ,  H . L u ,  B . L i a n g ;  E n e r g y  a n d  F u e l s  2 2  ( 2 0 0 8 )  6 4 6  -  6 5 1
1 0 5  G . A r z a m e n d i ,  E . A i g u i n a r e n a ,  I . C a m p o ,  S . Z a b a l a ,  L . M .  G a n d i a ;  C a t a l y s i s  T o d a y  
1 3 3 -  1 3 5  ( 2 0 0 8 )  3 0 5 - 3 1 3
1 0 6  M . K o u z u ,  S . Y a m a n a k a ,  J . H i d a k a ;  A p p l i e d  C a t a l y s i s  A :  G e n e r a l  3 5 5  ( 2 0 0 9 )  9 4  -  
9 9
1 0 7  M . C . G . A l b u q u e r q u e ,  D . C . S . A z e v e d o ,  C . L . C a v a l c a n t e ;  J .  M o l e c u l a r  C a t a l y s i s  A :  
C h e m i c a l  3 0 0  ( 2 0 0 9 )  1 9 - 2 4
1 0 8  L . T r a v a l l o n i ,  A . C . L . G o m e s ,  A . B . C a s p a r ;  C a t a l y s i s  T o d a y  1 3 3  -  1 3 5  ( 2 0 0 8 )  4 0 6  
- 4 1 2
1 0 9  M . A . A r a m e n d i a ,  V . B o r a u ;  J .  M o l e c u l a r  C a t a l y s i s  A :  C h e m i c a l  1 7 1  ( 2 0 0 1 )  1 5 3  — 
1 5 8
1 1 0  F . J i n ,  K . K a w a s a k i ,  K . K a w a s a k i ;  F u e l  8 6  ( 2 0 0 7 )  1 2 0 1  -  1 2 0 7
1 1 1  X . J . L i u ,  H . Y .  H e ,  Y . J .  W a n g ;  F u e l  8 7  ( 2 0 0 8 )  2 1 6 - 2 2 1
1 1 2  J . H . S i n f e l t ;  J .  M o l e c u l a r  C a t a l y s i s  A :  C h e m i c a l  1 6 3  ( 2 0 0 0 )  1 2 3  — 1 2 8
1 1 3  H . J . K i m ,  B . S . K a n g ,  M . J . K i m ,  Y . M . P a r k ;  C a t a l y s i s  T o d a y  9 3  -  9 5  ( 2 0 0 4 )  3 1 5  — 
3 2 0
1 1 4  G . F . G h e s t i ,  J . L . M a c d o ;  A p p l i e d  C a t a l y s i s  A :  G e n e r a l  3 5 5  ( 2 0 0 9 )  1 3 9  - 1 4 7
1 1 5  E . S . U m d u ,  M . T u n c e r ,  E . S e k e r ;  B i o r e s o u r c e  T e c h ,  i n  p r e s s  ( 2 0 0 9 )
1 1 6  S . C o l l u r a ,  N . C h a o u i ,  A . K o c h ,  J . V . W e b e r ;  C a r b o n  4 0  ( 2 0 0 2 )  2 2 6 8  -  2 2 7 0
1 1 7  J . G e u e n s ,  J . M .  K r e m s n e r ,  B . A .  N e b e l ;  E n e r g y  a n d  F u e l s  2 2  ( 2 0 0 8 )  6 4 3  -  6 4 5
1 1 8  N . E . L e a d b e a t e r ,  L . M . S t e n c e l ;  E n e r g y  a n d  F u e l s  2 0  ( 2 0 0 6 )  2 2 8 1  -  2 2 8 3
1 1 9  V . L e r t s a t h a p o m s u k ,  P . R u a n g y i n g ;  F u e l  P r o c e s s i n g  T e c h n o l o g y  1 2  ( 2 0 0 8 )  1 3 3 0  
- 1 3 3 6
1 2 0  V . L e r t s a t h a p o m s u k ,  P . R u a n g y i n g ;  P r o c e e d i n g  o f  P *  I n t e r n a t i o n a l  C o n f e r e n c e  o n  
S u s t a i n a b l e  E n e r g y  a n d  G r e e n  a r c h i t e c t u r e  ( 2 0 0 3 )  S E 0 9 1  -  0 9 6
1 2 1  L . W a n g ,  J . Y a n g ;  F u e l  8 6  ( 2 0 0 7 )  3 2 8  -  3 3 3
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1 2 2  A . K . S i n g h ,  S . D .  F e r n a n d o ;  C h e m i c a l  E n g i n e e r i n g  &  T e c h n o l o g y  3 0  ( 2 0 0 7 )  1 7 1 6  
-  1 7 2 0
1 2 3  B . F r e e m a n ,  R . O .  B u t t e r f i e l d ;  J . A M . O i l  C h e m ,  S o c  6 3  ( 1 9 8 6 )  1 3 7 5  -  1 3 8 0
1 2 4  M . B e r r i o s ,  J . S i l e s ,  M . A . M a i t i n ,  A . M a r t i n ;  F u e l  8 6  ( 2 0 0 7 )  2 3 8 3  -  2 3 8 8
1 2 5  C . P . Y a n g ,  Y . Y . S u ,  P o l y m e r  4 6  ( 2 0 0 5 )  5 7 7 8  -  5 7 8 8
1 2 6  Q . L u ,  W . Z . L i ,  X . F . Z l i u ,  E n e r g y  C o n v e r s i o n  a n d  M a n a g e m e n t  i n  P r e s s  ( 2 0 0 9 )
1 2 7  H . L . N g O ,  K . L . C o n i p t e ,  L . H a r g e n s ;  T h e r m o c h i m i c a  A c t a  3 5 7  -  3 5 8  ( 2 0 0 0 )  9 7  -
102
1 2 8  B . F r e e d m a n ,  R . O . B u t t e f i e l d ;  J .  A m .  O i l  C h e m .  S o c .  6 3  ( 1 9 8 6 )  1 3 7 5  -  1 3 8 0
1 2 9  H . N o u r e d d i n i ,  D . Z h u ;  J .  A m .  O i l  C h e m .  S o c .  7 4  ( 1 9 9 7 )  1 4 5 7  -  1 4 6 3
1 3 0  D . D a m o k o ,  M . C h e r y a n ;  J .  A m .  O i l  C h e m .  S o c .  7 7  ( 2 0 0 0 )  1 2 6 3  -  1 2 6 7
1 3 1  K . K o m e r s ,  F . S k o p a l ,  R . S t l o u k a l ;  E u r .  J .  L i p i d .  S c i .  T e c h n o l .  1 0 4  ( 2 0 0 2 )  7 2 8  -  
7 3 7
1 3 2  G . V i c e n t e ,  M . M a r t i n e z ,  J . A r a c i l ;  I n d .  E n g .  C h e m .  R e s .  4 4  ( 2 0 0 5 )  5 4 4 7  -  5 4 5 4
1 3 3  G .  V i c e n t e ,  M . M a r t i n e z ,  J . A i ‘a c i l ;  jE '7? e 7' g y  a n d  F u e l s  2 0  ( 1 9 9 6 )  1 7 2 2  -  1 7 2 6
1 3 4  K . G . G e o r g o g i a n n i ,  M . G . K o n t o m i n a s ,  P . J . P o m o n i s ,  V . G e r g i s ;  F u e l  P r o c e s s i n g  
T e c h n o l .  8 9  ( 2 0 0 8 )  5 0 3  -  5 0 9
1 3 5  A . K . S i n g h ,  S . D . F e r n a n d o ;  C h e m .  E n g .  T e c h n o l .  3 0  ( 2 0 0 7 )  1 7 1 6 -  1 7 2 0
1 3 6  L . W a n g ,  J . Y a n g ;  F u e l  8 6  ( 2 0 0 7 )  3 2 8  -  3 3 3
1 3 7  M . C .  T o r r e n t e ,  M . A .  G a l a n ;  F u e l  8 0  ( 3 )  ( 2 0 0 1 )  3 2 7
1 3 8  J . O .  J a b e r ,  S . D . P r o b e r t ;  F u e l  P r o c e s s i n g  T e c h n o l o g y  6 3  ( 2 0 0 0 )  5 7
1 3 9  W . B . W . N i k ,  F . N .  A n i ;  E n e r g y  C o n v e r s i o n  a n d  M a n a g e m e n t  4 6  ( 2 0 0 5 )  2 1 9 8  -  
2 2 0 7
1 4 0  X . L a n g ,  A . K .  D a l a i ,  N . N .  B a k h s h i ;  B i o r e s o u r c e  T e c h n o l o g y  8 0  ( 2 0 0 1 )  5 3  - 6 2
1 4 1  M . A . R i s c a r d o ,  J . M . F r a n c o ,  C . G a l l e g o s ;  F o o d  S c i .  a n d  T e c h .  I n t e r .  9  ( 2 0 0 3 )  5 3  -  
6 2
1 4 2  H . W e n n e r s t r o m ,  U . O l s s o n ;  C o m p t e s  R e n d u s  C h i m i e  1 2  ( 2 0 0 9 )  4 - 1 7
1 4 3  T . J . W o o d ,  M i n n e s o t a  S e a l  C o a t  H a n d b o o k  M i n n e s o t a  D e p a r t m e n t  o f  
T r a n s p o r t a t i o n  R e s e a i ' c h  S e m c e s  S e c t i o n ,  ( 2 0 0 6 )  3 - 1 .
1 4 4  K .  V i b h o r ,  G .  K i n i  a n d  D .  R o u t ,  J .  C o l l o i d  I n t e r f a c e  S c i .  3 0 4  ( 2 0 0 6 )  2 1 4 .
1 4 5  B . P r a p a p o m ;  J C o s m e t  D e r m a t o l  6  ( 2 0 0 7 )  2 2 3  -  2 2 8
1 4 6  J o h a m i  S j o b l o m ;  E m u l s i o n s  a n d  E m u l s i o n  S t a b i l i t y  ( 2 " ^  e d i t i o n )  T a y l o r  &  
F r a n c i s  G r o u p  ( 2 0 0 6 )  1 5
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1 4 7  h t t p : / / e n . w i k i p e d i a . o r g / w i k i / S o d i i i m _ l a u r e t h _ s u l f a t e
1 4 8  J . M .  R i c h m o n d ;  C a t i o n i c  S i t r f a c t a n t s  ( O r g a n i c  C h e m i s t r y )  M a r c e l  D e k k e r  I N C .  
N e w  Y o r k  ( 1 9 9 0 )  1 2 5
1 4 9  E . J u n g e r m a n n ;  C a t i o n i c  S u r f a c t a n t s  M a r c e l  D e k k e r  N e w  Y o r k  ( 1 9 7 0 )  5 6
1 5 0  M . J . S c h i c k ;  N o n i o n i c  S u r f a c t a n t s  M a r c e l  D e k k e r  N e w  Y o r k  ( 1 9 6 7 )  8 2
1 5 1  E . G . L o m a x ;  A m p h o t e r i c  S u r f a c t a n t s  ( T ^  e d i t i o n )  M a r c e l  D e k k e r  N e w  Y o r k  
( 1 9 9 6 )  5 0
1 5 2  I .  L a n g m u i r ;  P h e n o m e n a ,  A c t o m s  a n d  M o l e c u l e s  N e w  Y o r k ,  P h i l o s p h i c a l  L i b r a r y ,  
I N C . ,  ( 1 9 5 0 )
1 5 3  L . P . L o g i n o v a ,  E . Y .  Y a k o v  l e v a ,  M . N . G a l a t ;  J .  M o l e c u l a r  L i q u i d s  1 4 5  ( 2 0 0 9 )  1 7 7  
- 1 8 1
1 5 4  S .  R o s s  a n d  J .  P .  O l i v i e r ;  J .  P h y s .  C h e m .  6 3  ( 1 9 5 9 )  1 6 7 1
1 5 5  V . V . T u c h i n ;  T i s s u e  O p t i c s :  L i g h t  S c a t t e r i n g  M e t h o d s  a n d  I n s t r u m e n t s  f o r  
M e d i c a l  D i a g n o s i s  S P I E  P r e s s  ( 2 0 0 7 )  7 0 3
1 5 6  M o h a m m a d  N i y a z  K l i a n ;  M i c e l l a r  C a t a l y s i s  T a y l o r  &  F r a n c i s  G r o u p  ( 2 0 0 7 )  2 3
1 5 7  S . S a j j a d i ,  F . J a h a n z a d ,  M . Y i a n n e s k i s ,  B . W . B r o o k s ,  I n d u s t r i a l  &  E n g i n e e r i n g  
C h e m i s t r y  R e s e a r c h  4 2  ( 2 0 0 3 )  3 5 7 1  -  3 6 7 9
1 5 8  M . D .  J u l i a n ;  F o o d  E m u l s i o n s P r i n c i p l e s ,  P r a c t i c e s  a n d  T e c h n i q u e s  S e c o n d  E d i t i o n  
2 0 0 5
1 5 9  J .  S j o b l o m ;  E m u l s i o n s  A n d  E m u l s i o n  S t a b i l i t y  ( 2 ’’^  E d i t i o n )  T a y l o r  &  F r a n c i s ,  
N e w  Y o r k  ( 2 0 0 6 )  5
1 6 0  P .  B e c h e r ;  E m u l s i o n  —  T h e o r y  a n d  P r a c t i c e ( s e c o n d  e d i t i o n )  R e i n l i o l d ,  N e w  Y o r k  
(1965)
1 6 1  E . R . G a r r e t t ;  J .  P h a r m .  S c i .  5 1  ( 1 9 6 5 )  4 5 9  -  4 6 4
1 6 2  N . I k e d a ,  R . K r u s t e v ,  H . J . M ü l l e r ;  A d v .  i n  C o l l o i d  a n d  I n t e r f a c e  S c i .  1 0 8  - 1 0 9
( 2 0 0 4 ) 2 7 3 - 2 8 6
1 6 3  H . R e i s s ,  H . M . E l l e r b y ,  J . A .  M a n z a n a r e s ;  J .  C h e m .  P h y s .  9 9  ( 1 9 9 3 )  9 9 3 0  -  9 9 3 6
1 6 4  C . A . P r e s t i d g e ,  S . S i m o v i c ;  I n t e r n a t i o n a l  J o u r n a l  o f  P h a r m a c e u t i c s  3 2 4  ( 2 0 0 6 )  9 2  
-1 0 0
1 6 5  T . K o u p a n t s i s ,  V . K i o s s e o g l o u ;  F o o d  H y d r o c o l l o i d s  2 3  ( 2 0 0 9 )  1 1 5 6  -  1 1 6 3
1 6 6  E . D i c k i n s o n ,  S .  T a n a i ;  F o o d  H y d r o c o l l o i d s  6  ( 1 9 9 2 )  1 6 3  -  1 7 1
1 6 7  R . C h a n a m a i ,  D . J . M c C l m e n t s ;  C o l l o i d s  a n d  S u r f a c e s  A  1 7 2  ( 2 0 0 0 )  7 9  -  8 6
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1 6 8  D J . M c c l e m e n t s ;  F o o d  E m u l s i o n s  P r i n c i p l e s ,  P r a c t i e s ,  a n d  T e c h n i q u e s  ( 2 " ^  
e d i t i o n )  C R C  P r e s s  ( 2 0 0 5 )  2 7 5
1 6 9  B . A b i s m a i l ,  J . P . C a n s e l i e r ,  C . G . G o u r d o n ;  U l t r a s o n i c s  S o n o c h e m i s t r y  6  ( 1 9 9 9 )  7 5  
- 8 3
1 7 0  J . G r e g o r y ,  A d v a n c e s  i n  C o l l o i d  a n d  I n t e r f a c e  S c i .  1 4 7  -  1 4 8  ( 2 0 0 9 )  1 0 9  -  1 2 3
1 7 1  K . F u r u s a w a ,  A .  S a t o ,  J . S l i i r a i ;  J .  C o l l o i d  a n d  I n t e r f a c e  S c i .  2 5 3  ( 2 0 0 2 )  2 7 3  -  2 7 8
1 7 2  K .  D e m e t i i a d e s ,  J . N .  C o u p l a i i d ,  D J ,  M c C l e m e n t s ;  J .  F o o d  S c i e n c e  6 2  ( 2 0 0 6 )  
4 6 2 - 4 6 7
1 7 3  J . H .  S o n g ,  J R G  E v a n s ;  J .  M a t e r i a l s  R e s e a r c h  9  ( 1 9 9 4 )  2 3 8 6  -  2 3 9 7
1 7 4  Y . Z h a o ,  G . Y a n g ,  L . S . F a n ;  C h e m i c a l  E n g i n e e r i n g  S c i .  6 2  ( 2 0 0 7 )  3 4 6 2  -  3 4 7 2
1 7 5  T . N . H u n t e r ,  R J . P u g h ,  G . V . F r a n k s ,  G J J a m e s o n ;  A d v a n c e s  i n  C o l l o i d  a n d  
I n t e r f a c e  S c i . \ 2 > l  ( 2 0 0 8 )  5 7 -  8 1
1 7 6  D . F .  E v a n s ,  H .  W e m i e r s t r o m ;  T h e  C o l l o i d a l  D o m a i n :  W h e r e  P h y s i c s ,  C h e m i s t i y ,  
B i o l o g y ,  a n d  T e c h n o l o g y  m e e t  V C H  P u b l i s h e r  N e w  Y o r k  ( 1 9 9 4 )
1 7 7  L . G . B . B r e m e r ,  B . H .  B i j s t e r b o s c h .  P . W a l s t r a ,  T . V a n  V l i e t ;  A d v .  C o l l o i d  I n t e r f a c e  
S c i .  4 6 ( 1 9 9 3 )  1 1 7 -  1 2 6
1 7 8  T . M . D r e l i e r ,  G . W . S t e v e n s ;  I n t e r n a t i o n a l  S y m p o s i u m  o n  L i q u i d  —  L i q u i d  t w o  
P h a s e  F l o w  a n d  T r a n s p o r t  P h e n o m e n a  ( 1 9 9 8 )  3 3 1  -  3 4 2
1 7 9  M J . S i m p s o n ,  K . A . L a n d m a n ;  J .  T h e o r e t i c a l  B i o l o g y  2 4 7  ( 2 0 0 7 )  5 2 5  -  5 4 3
1 8 0  A . K a b a l n o v ,  H . W e n n e r s t r o m ;  L a n g m u i r  1 2  ( 1 9 9 6 )  2 7 6  -  2 8 3
1 8 1  M . P o n a s ,  C . S o l a n s ,  C . G o n z a l e z ,  J . M .  G u t i e r r e z ;  C o l l o i d s  a n d  S u r f a c e s  A  2 4 9
( 2 0 0 4 )  1 1 5 - 1 1 8
1 8 2  M . F i n g a s ,  B . F i e l d h o u s e ,  J . M u l l i n ;  S p i l l  S c i .  T e c h n o l o g y  B u l l e t i n  5  ( 1 9 9 9 )  8 1  - 9 1
1 8 3  M . Y .  K o r o l e v a ,  E . V .  Y u r t o v ;  J o u r n a l  o f  C o l l o i d  a n d  I n t e r f a c e  S c i .  2 9 7 ( 2 0 0 6 )  
7 7 8  -  7 8 4
1 8 4  V . P .  Z h d a n o v ;  E u r .  P h y s .  J .  B  \ 9  ( 2 0 0 1 )  9 7 - 1 0 0
1 8 5  J . J i a o ,  D .  J .  B u r g e s s ;  J .  C o l l o i d  a n d  I n t e r f a c e  S c i .  2 6 4  ( 2 0 0 3 )  5 0 9  — 5 1 6
1 8 6  M . B . J .  M e i n d e r s ,  W .  K l o e k ,  T . V . V i l e t ;  L a n g m u i r l l  ( 2 0 0 1 )  3 9 2 3  -  3 9 2 9
1 8 7  J . S j o b l o m ;  E m u l s i o n s  a n d  E m u l s i o n  S t a b i l i t y  ( s e c o n d  E d i t i o n )  C R C  p r e s s  ( 2 0 0 6 )  
1 8 5
1 8 8  S . L . E e ,  X . D u a n ,  J . L i e w ,  Q .  D . N g u y e n ;  C h e m i c a l  E n g i n e e r i n g  J .  1 4 0  ( 2 0 0 8 )  6 2 6  
- 6 3 1
1 8 9  F . X i e ,  B . W .  B r o o k s ;  C o l l o i d s  a n d  S u r f a c e s  A  2 5 2  ( 2 0 0 5 )  2 7  -  3 2
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1 9 0  T . F .  T a d r o s ;  A p p l i e d  S u r f a c t a n t s :  P r i n c i p l e s  a n d  A p p l i c a t i o n  W i l e y - V C H  V e r l a g  
G m b H & C o . ,  ( 2 0 0 6 )  3 0 9
1 9 1  L . L . O s i p o w ,  W . R o s e i i b l a t t ,  D . F o s t e r ;  J .  A m e r .  O i l  C h e m i s t ’s  S o c i e t y  4 4  ( 1 9 6 7 )  
3 0 7  -  3 0 9
1 9 2  R . A b o o f a z e l i ,  M J . L a w r e n c e ;  I n t .  J .  P h a r m .  9 3  ( 1 9 9 3 )  1 6 1
1 9 3  T . N . D . D a n t a s ,  A . C .  d a  S i l v a ,  A . A . D .  N e t o ;  F u e l  8 0  ( 2 0 0 1 )  7 5 - 8 1
1 9 4  A . L i f ,  K . H o l m b e r g ;  A d v a n c e s  i n  C o l l o i d  a n d  I n t e r f a c e  S c i .  1 2 3  — 1 2 6  ( 2 0 0 6 )  2 3 1  
- 2 3 9
1 9 5  D . Z h a o ,  A . H a o ,  Z . W a n g ;  F u e l  8 6  ( 2 0 0 7 )  5 9 7  -  6 0 2
1 9 6  S . Z h a n g ,  F  W a n g ,  Y . C h e n ,  B . F a n g ;  C h m e s e J .  C h e m .  E n g .  1 6  ( 2 0 0 8 )  2 8 7  -  2 9 1
1 9 7  D . Z . Z h a o ,  Y . P W a n g ,  J . H .  L i u ;  P e t r o l e u m  S c i .  a n d  T e c h n o l o g y  2 4  ( 2 0 0 6 )  1 0 1 7 -  
1 0 2 5
1 9 8  S . F e r n a n d o ,  M . H a n n a ;  E n e r g ) >  a n d  F u e l s  1 8  ( 2 0 0 4 )  1 6 9 5  -  1 7 0 3
1 9 9  B . K . P a u l ,  S . P .  M o u l i k ;  C u r r e n t  S c i e n c e  8 0  ( 2 0 0 1 )  9 9 0  -  1 0 0 1
2 0 0  R .  D e f a y ;  S u r f a c e T e n s i o n  a n d  A d s o r b t i o n  L o n g m a n s  L o n d o n  ( 1 9 6 6 )  3
2 0 1  C . F a n g ,  C . H i d i ' O v o ,  F . M . W a n g ,  J . E a t o n ,  K . G o o d s o n ;  I n t .  J .  M u l t i p h a s e  F l o w  3 4  
( 2 0 0 8 )  6 9 0  -  7 0 5
2 0 2  F . I g l o i ;  J .  P h y s .  F  1 1  ( 1 9 8 1 )  3 1 5  -  3 2 3
2 0 3  B . B . L e e ,  P . R a v i n d r a ,  E . S .  C h a n ;  C h e m .  E n g .  C o m m u n .  1 9 5  ( 2 0 0 8 )  8 8 9  -  9 2 4
2 0 4  J . B a c h m a n n ,  G . A r y e ,  M .  D e u e r s ;  J .  P l a n t  N u t r .  S o i l  S c i .  1 6 9  ( 2 0 0 6 )  7 4 5  -  7 5 3
2 0 5  B . H .  C i p r i a n o ,  S . R .  R a g h a v a n ,  P . M .  M c G u i g g a n ;  C o l l o i d s  a n d  S u r f a c e s  A  2 6 2
( 2 0 0 5 )  8 - 1 3
2 0 6  P .  W a l s t r a  , H .  O o r t w i j i n ;  J .  C o l l o i d  I n t e r f a c e  S c i .  2 9  ( 1 9 6 9 )  4 2 4  -  4 3 1
2 0 7  B . W . B a i T y ;  J . C o l l o i d I n t e r f a c e  S c i . 2 S  ( 1 9 6 8 )  8 2  -  9 2
2 0 8  K . S h i n o d a ,  H . A r a i ;  J . P h y s . C h e m .  6 8  ( 1 9 6 4 )  3 4 8 5  -  3 4 9 2
2 0 9  J . D . S . G o u l d e n ;  T i ' - a n s  F a r a d a y  S o c .  5 4  ( 1 9 5 8 )  9 4 1  -  9 4 8
2 1 0  J . G . K i m ,  J . D . K i m ;  H w a h a k K o n g h a k  2 6  ( 1 )  ( 1 9 8 8 )  1 7 1  -  1 7 6
2 1 1  M . G . S o n g ,  S . H . J h o ,  J . Y . K i m ,  J . D . K i m ;  J . C o l l o i d  I n t e r f a c e  S c i .  2 3 0  ( 2 0 0 0 )  2 3 1  -  
2 1 5
2 1 2  D . H a l l ,  A . P .  M i n t o n ;  A n a l y t i c a l  B i o c h e m i s t i y  3 4 5  ( 2 0 0 5 )  1 9 8  -  2 1 3
2 1 3  P . D . I . F l e t c h e r ,  J . S . M o r r i s ;  C o l l o i d s  a n d  S u r f a c e s  A  9 8  ( 1 9 9 5 )  1 4 7  -  1 5 4
2 1 4  P . D . I .  F l e t c h e r ,  K . S u l i l i n g ;  L a n g m u i r  1 4  ( 1 9 9 8 )  4 0 6 5  -  4 0 6 9
2 1 5  B . C .  Y u a n ,  A . H u s s a i n ,  N . T .  N g u y e n ;  A A P S P h a r m .  S c i .  5  ( 2 0 0 3 )  1 - 9
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2 1 6  h t t p : / / w w w . s i g m a a l d r i c h . c o m / c a t a l o g /
2 1 7  M . K a r a b k t a s ,  M . H o s o z ;  R e n e w a b l e  E n e r g y  3 4  ( 2 0 0 9 )  1 5 5 4  -  1 5 5 9
2 1 8  P . Z i m e t ,  Y . D . L i v n e y ;  F o o d  H y d r o c o l l o i d s  2 3  ( 2 0 0 9 )  1 1 2 0  -  1 1 2 6
2 1 9  J . C a u s s e ,  S . F a u r e ;  C h e m .  E n g .  J .  1 4 7  ( 2 0 0 9 )  1 8 0 -  1 8 7
2 2 0  H . W e n n e r s t r o m ,  U . O l s s o n ;  C o m p t e s  R e n d u s  C h i m i e  1 2  ( 2 0 0 9 )  4  - 1 7
2 2 1  M . C h i e s a ,  J .  G a r g ,  Y . T .  K a n g ,  G . C h e n ;  C o l l o i d s  a n d  S u r f a c e s  A  3 2 6  ( 2 0 0 8 )  6 7  -  
7 2
2 2 2  M . F a t e m a h ,  A . D o u s e r i ,  H . L i u ;  2 9 '^ ^  I n t .  C o n f .  O n  I n f r a r e d  a n d  M i l l i m e t e r  W a v e s  
a n d  1 2 ^ ’  ^ I n t .  C o n f .  2 0 0 4
2 2 3  J . B a c h m a n n ,  G . A r y e ,  M . D e u i e r ,  S . K . W o c h e ,  R . H o r t o n ,  Y . C h e n ;  J .  P l a n t  N u t r .  
S o i l  S c i .  1 6 9  ( 2 0 0 6 )  7 4 5  -  7 5 3
2 2 4  A . W .  A d a m s o n ;  P h y s i c a l  C h e m i s t r y  o f  S u r f a c e s  W i l e y  N e w  Y o r k  ( 1 9 9 0 )
2 2 5  R . C .  W e a s t ;  C R C  H a n d b o o k  o f  C h e m i s t i y  a n d  P h y s i c s  ( 6 6 * ^ )  C R C  P r e s s ,  I N C .  
F l o r i d a  ( 1 9 8 5 )
2 2 6  N . H .  L a n g t o n ,  P .  V a u g h a n ;  J .  S c i .  I n s t r u m .  4 2  ( 1 9 6 5 )  3 1 7  -  3 2 2
2 2 7  N . G a r t i ,  V . C l e m e n t ,  M  L e s e r ,  A .  A s e r i n ,  M .  F a n u n ;  J .  M o l e c u l a r  L i q u i d s  8 0  
( 1 9 9 9 )  2 5 3  - 2 9 6
2 2 8  C .  B i - B o t t i ,  A .  H u s s a i n ,  N . T .  N g u y e n ,  A A P S  P h a r m  S c i .  5  ( 2 0 0 3 )  2 2  -  2 7  .
2 2 9  V . G .  B a b a k ;  R u s s .  C h e m .  R e v .  7 7  ( 2 0 0 8 )  6 8 3  -  7 0 8
2 3 0  J . P o p r a w s k i ,  M . C a t t e ,  L . M a r q u e z ,  M . M a r t i ;  P o l y m e r  I n t .  5 2  ( 2 0 0 3 )  6 2 9  -  6 3 2
2 3 1  J .  P i a o ,  S .  K i s h i ,  S .  A d a c h i ;  C o l l o i d s  a n d  S u r f a c e s  2 7 7  ( 2 0 0 6 )  1 5 .
2 3 2  J . R . O c h o a ,  F . J . E s c u d e r o  S a n z ,  P . M . S a s i a ,  A . S . G a r c i a ,  E .  D i a z  d e  A p o d a c a ;  J .  
A p p l .  P o l y .  S c i .  1 0 3  ( 2 0 0 6 )  1 8 6 -  1 9 7
2 3 3  L .  T a i s n e ,  P .  W a l s t r a ,  B .  C a b a n e ;  J .  C o l l o i d  a n d  I n t e r f a c e  S c i .  1 8 4  ( 1 9 9 6 )  3 7 8  -  
3 9 0
2 3 4  P . M a n o j ,  A . D . W a t s o n ,  D . J . H i b b e r d ;  J .  C o l l o i d  a n d  I n t e r f a c e  S c i  2 0 7  ( 1 9 9 8 )  2 9 4  
- 3 0 2
2 3 5  P .  J a m s ,  B .  J e f f e r s o n ,  J .  G r e g o r y ,  S .  A .  P a r s o n s ;  W a t e r  R e s e a r c h  3 9  ( 2 0 0 5 )  
3 1 2 1 - 3 1 3 7
2 3 6  S .  W a t c h a r a s i n g ,  P .  A n g k a t h u n y a k u l ,  S .  C h a v a d e j ;  S e p a r a t i o n  a n d  P u r i f i c a t i o n  
T e c h .  6 2 ( 2 0 0 8 )  1 1 8 -  1 2 7
2 3 7  C . Y . L i n ,  S . A . L i n ;  F u e l  8 6  ( 2 0 0 7 )  2 1 0 - 2 1 7
2 3 8  L . J . P e l t o n e n ,  J . Y l i r u u s i ;  J .  C o l l o i d  a n d  I n t e r f a c e  S c i . ; 2 2 1  ( 2 0 0 0 )  1 - 6
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2 3 9  L . S . C . W a n ,  P . F . S . L e e ;  C a n .  J .  P h a r m .  S c i .  8  ( 1 9 7 3 )  1 3 6 - 1 3 9
2 4 0  N . C h e m i a m s e t t y ,  H . B o c k ,  L . F . S c a n u ;  J .  C h e m i c a l  P h y s i c s  1 2 2  ( 2 0 0 5 )  1 - 1 1
2 4 1  R . A b o o f a z e l i  a n d  M . J . L a w r e n c e ;  I n t .  J .  P h a r m  9 3  ( 1 9 9 3 )  1 6 1  -  1 6 6
2 4 2  R . A b o o f a z e l i  a n d  M . J . L a w r e n c e ;  I n t .  J .  P h a r m  1 0 6  ( 1 9 9 4 )  5 1  - 5 7
2 4 3  T . N e u m a  d e  C a s t r o  D a n t a s ,  A . C .  d a  S i l v a ,  A , A .  D .  N e t o ;  F u e l  8 0  ( 2 0 0 1 )  7 5  -  8 3
2 4 4  Y .  B a y r a k ,  M .  I s c a n ,  C o l l o i d s  a n d  S u r f a c e s  2 6 8  ( 2 0 0 5 )  9 9 - 1 0 6
2 4 5  V . K .  B a n s a l ,  D . O .  S h a h ,  J . P .  O ’ C o n n e l l ;  J .  C o l l o i d  I n t e r f a c e  S c i .  7 5  ( 1 9 8 0 )  4 6 2  
- 4 6 7
2 4 6  M . K a r a b k t a s ,  M . H o s o z ;  R e n e w a b l e  E n e r g y  3 4  ( 2 0 0 9 )  1 5 5 4  -  1 5 5 9
2 4 7  O . C l a t t e r ,  D . O r t h a b e r ,  A . S t i a d n e r ;  J .  C o l l o i d  a n d  I n t e r f a c e  S i c .  2 4 1  ( 2 0 0 1 )  2 1 5  -  
2 2 5
2 4 8  G . K a n t a r c ,  I . O z g u n e y ;  A A P S P h a r m S c i T e c h  8  ( 2 0 0 7 )  E l  -  E 7
2 4 9  N .  G a r t i ,  V .  C l e m e n t ,  M .  L e s e r ,  A .  A s e r i n ,  M .  F a n u n ;  J .  M o l e c u l a r  L i q u i d s  8 0  
( 1 9 9 9 )  2 5 3 - 2 9 6
2 5 0  R . A b o o f a z e l i ,  M . J .  L a w r e n c e ;  I n t .  J .  P h a r m .  9 3  ( 1 9 9 3 )  1 6 1  -  1 6 7
2 5 1  D . A . S a b a t i n i ,  E . A c o s t a ,  J . H . H a i w e l l ;  C u r r e n t  O p i n i o n  i n  C o l l o i d  a n d  I n t e r f a c e  
5 ' d .  8 ( 2 0 0 3 ) 3 1 6 - 3 2 6
2 5 2  S .  L .  W a t t ,  D .  T u n a l e y ,  S .  B i g g s ;  C o l l o i d s  a n d  S u r f a c e s  A  1 3 7  ( 1 9 9 8 )  2 5  -  3 3
2 5 3  G . K a n t a r c ,  H . Y . K a r a s u l u ;  A c t a  P h a r m a c e u t i c a  T u r c i c a  4 4  ( 2 0 0 2 )  7 7  -  8 5
2 5 4  N .  G a r t i ,  V .  C l e m e n t ,  M .  L e s e r ,  A .  A s e r i n ,  M .  F a n u n ;  J .  M o l e c u l a r  L i q u i d s  8 0
( 1 9 9 9 )  2 5 3 - 2 9 6
2 5 5  W . C h a n t i a p o r n c h a i ,  F . M . C l y d e s d a l e ,  D . J . M c c l e m e n t s ;  F o o d  R e s e a r c h  
I n t e r n a t i o n a l  3 4  ( 2 0 0 1 )  8 2 7  — 8 3 5
2 5 6  M . K e r k e r ;  T h e  S c a t t e r i n g  o f  L i g h t  A c a d e m i c  P r e s s ,  N Y .  ( 1 9 6 9 )  2 5 6
2 5 7  M . A n g u s t i a s ,  J . E .  M o r o s ,  J . M .  F r a n c o ,  C .  G a l l e g o s ;  E u r o p e a n  F o o d  R e s e a r c h  
a n d  T e c h n o l o g y  2 2 0  ( 2 0 0 5 )  3 8 0 - 3 8 8
2 5 8  J . H .  S o n g  J . R . G .  E v a n s ;  J .  M a t e r i a l s  R e s e a r c h  9  ( 1 9 9 4 )  2 3 8 6  — 2 3 9 7
2 5 9  Z . D . X u ,  N . H a d j i c h r i s t i d i s ,  L . J . F e t t e r s ,  J . W .  M a y s ;  A d v a n c e s  i n  P o l y m e r  S c i .
( 1 9 9 5 )  S p r i n g e r  B e r l i n  3 4
2 6 0  J . H .  S o n g  J . R . G .  E v a n s ;  J .  C o l l o i d  a n d  I n t e r f a c e  S c i .  2 2 7  ( 2 0 0 0 )  1 - 6
2 6 1  H .  A b d m a h m a n ,  R .  M .  Y u n u s ;  J .  A p p l .  S c i .  6  ( 2 0 0 6 )  2 8 9 5  -  2 9 0 0
2 6 2  M . M . D r a g o s a v a c ,  M . N . S o v i l l j ,  S . R . K o s v i n t s e v ,  R . G . H o l d i c h ;  J .  M e m b r a n c e  S c i .  
3 2 2 ( 2 0 0 8 )  1 7 8 - 1 8 8
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2 6 3  M .  Z u l a u f ,  H .  F .  E i c k e ;  J .  P h y .  C h e m .  8 3  ( 1 9 7 9 )  4 8 0  -  4 8 6
2 6 4  R .  L e u n g ,  D .  O .  S h a h ;  J .  C o l l o i d  I n t e r f a c e  S e t .  1 2 0  (  1 9 8 0 )  3 2 0  -  3 2 8
2 6 5  M .  Z u l a u f ,  H .  F .  E i c k e ;  J .  P h y .  C h e m .  8 3  ( 1 9 7 9 )  4 8 0  -  4 8 6
2 6 6  X  D u a n ,  J .  L i e w ,  Q . D  N g u y e n ;  C h e m i c a l  E n g i n e e r i n g  J .  1 4 0  (  2 0 0 8 )  6 2 6 - 6 3 1
2 6 7  J .  F l a n a g a n ,  H .  S i n g h ;  C r i t i c a l  R e v i e w s  i n  F o o d  S c i .  a n d  N u t r i t i o n  4 6  (  2 0 0 6 )  
2 2 1 - 2 3 7
2 6 8  L .  E .  P r i e t o ,  P .  A .  S o r i c h e t t i ,  S .  D .  R o m a n o ;  I n t e r n a t i o n a l  J .  H y d r o g e n  E n e r g y  
3 3  ( 2 0 0 8 ) 3 5 3 1  - 3 5 3 7
2 6 9  G .  I .  T a y l o r ,  P r o c .  R .  S o c .  L o n d o n ,  S e r .  A  1 4 6  ( 1 9 3 4 )  5 0 1 .
2 7 0  A . M .  A f f o m i e ,  A . Y a m a d a ,  M . U m e d a ;  J .  P o w e r  S o u r c e s  1 4 8  ( 2 0 0 5 )  9 -  1 7
2 7 1  E .  A l p t e k i n ,  M .  C a n a k c i ;  R e n e w a b l e  E n e r g y  3 3  ( 2 0 0 8 )  2 6 2 3  -  2 6 3 0
2 7 2  Y . M a s u d a ,  M . S e k i ,  M . N a k a y a m a ;  S o l i d  S t a t e  I o n i c s  1 7 7  ( 2 0 0 6 )  8 4 3  -  8 4 6
2 7 3  J . S m e e t s ,  G . J . M . K o p e r ,  J . P . M .  P l o e g ;  L a n g m i d r  1 0  ( 1 9 9 4 )  1 3 8 7  -  1 3 9 2
2 7 4  T .  T a k e i ,  K .  M u k a s a ,  M ,  K o f i i j i ,  T .  W a t a n a b e ,  T .  K a n a z a w a ;  C o l l o i d  a n d  
P o l y m e r  S c i .  2 7 8  (  2 0 0 0 )  4 7 5  -  4 8 0
2 7 5  L . C . R .  L i l l y ,  D i e s e l  E n g i n e  R e f e r e n c e  B o o k  B u t t e r w o r t h s  p u b l i s h e r s ,  S t o n e h a m ,  
M A ,  ( 1 9 9 1 ) ,  1 8 - 1 .
2 7 6  h t t p : / / e n . W i k i p e d i a . o r g / w i k i / F u e l _ e c o n o m y
2 7 7  h t t p : / / e n . w i k i p e d i a . o r g / w i k i / F u e l _ e f f i c i e n c y
2 7 8  F .  A s i f ,  S .  W e a v e r  a n d  P .  W a l s h ,  A i r  P o l l u t i o n  f r o m  M o t o r  V e h i c l e s :  S t a n d a r d s  
a n d  T e c h n o l o g i e s  f o r  C o n t r o l l i n g  E m i s s i o n s  W o r l d  o f  B a n k ,  U S A ,  ( 1 9 9 6 ) ,  2 ,  6 , 
1 5 .
2 7 9  w w w . c f i t . g o v . u k / p l e n a r i e s / 0 5 0 1  m Q ) 3  . h t i n
2 8 0  M . G r o s s e r ,  D i e s e l :  t h e  M a n  a n d  t h e  E n g i n e  A n t h e n e u m ,  N e w  Y o r k ,  ( 1 9 7 8 )  1
2 8 1  H . L .  M a c l e a n ,  L . B .  L a v e ,  P r o g r e s s  i n  E n e r g y  a n d  C o m b u s t i o n  S c i .  2 9  ( 1 )  ( 2 0 0 3 )  
1.
2 8 2  K .  I w a z a k i ,  K .  A m a g a i  a n d  M .  A r a l ,  E n e r g y  3 0  ( 2 0 0 5 )  4 4 7  -  4 5 3
2 8 3  J . M .  P a l o m a r ,  F .  C r u z - P e r a g o n  a n d  M . P .  D o r a d o ,  E n e r g y  a n d  F u e l s  2 1  ( 2 0 0 7 )  
1 1 0 - 1 1 7
2 8 4  M .  E L - G h a m r y ,  J . A .  S t e e l ,  R . L .  R e u b e n ,  T . L .  F o g ,  M e c h a n i c a l  S y s t e m  a n d  
S i g n a l  P r o c e s s i n g  1 9  ( 4 )  ( 2 0 0 5 )  7 5 1 .
2 8 5  B .  Z h a n g ,  W . B .  F u  a n d  J . S .  G o n g ,  F u e l  8 5  ( 2 0 0 6 )  7 7 8  -  7 8 3
2 8 6  S . S .  H o u ;  E n e r g y  C o n v e r s i o n  a n d  M a n a g e m e n t  4 8  ( 2 0 0 7 )  1 6 8 3  -  1 6 9 0
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2 8 7  J . C .  C h e n ,  J . S .  H u a n g ;  E n v i r o n m e n t a l  E n g i n e e r i n g  S c i .  2 4  ( 2 0 0 7 )  3 5 3 - 3 5 9
2 8 8  B . F .  K o o k ,  T .  E c k h a r d t ,  P .  R o t h ;  P r o c e e d i n g s  o f  t h e  C o m b u s t i o n  I n s t i t u t e  2 9
( 2 0 0 2 )  2 7 7 5 .
2 8 9  C . F .  T a y l o r ;  T h e  I n t e r n a l - C o m b u s t i o n  E n g i n e  i n  T h e o r y  a n d  P r a c t i c e  V o l u m e  1 :  
T h e r m o d y n a m i c s ,  F l u i d  F l o w ,  P e r f o r m a n c e  M a s s a c h u s e t t s  I n s t i t u t e  o f
T e c h n o l o g y ,  C a m b r i d g e ,  U K ,  ( 1 9 8 5 )  1 4 7
2 9 0  C . F .  T a y l o r ,  T h e  i n t e r n a l - C o m b u s t i o n  E n g i n e  i n  T h e o r y  a n d  P r a c t i c e  V o l u m e  1 :  
T h e r m o d y n a m i c s ,  F l u i d  F l o w ,  P e r f o r m a n c e  M a s s a c h u s e t t s  I n s t i t u t e  o f
T e c h n o l o g y ,  C a m b r i d g e ,  U K ,  ( 1 9 8 5 )  2 1 1
2 9 1  U . S .  D e p a r t m e n t  o f  E n e r g y ,  O f f i c e  o f  E n e r g y  E f f i c i e n c y  a n d  R e n e w a b l e  E n e r g y ;  
F r e e d o m  C a r  a n d  V e h i c l e  T e c h n o l o g i e s  P r o g r a m :  J u s t  t h e  B a s i c  D i e s e l  E n g i n e
( 2 0 0 3 )  1 .
2 9 2  B .  Z i e l i n s k a ,  E x p e r i m e n t a l  a n d  T o x i c o l o g i c  P a t h o l o g y  5 7  ( 2 0 0 5 )  3 1  - 3 6
2 9 3  U S  E n v i r o n m e n t a l  P r o t e c t i o n  A g e n c y ;  H e a l t h  A s s e s s m e n t  D o c u m e n t  f o r  D i e s e l  
E n g i n e  E x h a u s t  ( 2 0 0 2 )
2 9 4  J . K i a h l ,  G . K n o t h e ,  A . M u n a c k ,  Y . R u s c h e l ,  O . S c h r o d e r ;  F u e l  8 8  ( 2 0 0 9 )  1 0 6 4  -
1 0 6 9
2 9 5  E .  A r c a k l i o g l u ,  I  C e l i k t e n ;  A p p l i e d  E n e r g y  8 0  ( 2 0 0 5 )  1 1 -  1 5
2 9 6  J . C . S a g e b i e l ,  B . Z i e l i n s k a ,  W . R . P i e r s o n ;  A t o m s  E n v i r o n  3 0  ( 1 9 9 6 )  2 2 8 7  -  2 2 9 6
2 9 7  G .  K y i ' k i l l s ,  A .  C h a l o u l a k o u ,  P . A .  K a s s o m e n o s ;  E n v i r o n m e n t  I n t e r n a t i o n a l  3 3  ( 5 )
( 2 0 0 7 )  6 7 0 .
2 9 8  R . l a d j i ,  N . Y a s s a a ,  C .  B a l d u c c i ,  A . C e i n a t o ;  A t m o s p h e r i c  R e s e a r c h  9 2  ( 2 0 0 9 )  2 5 8
- 2 6 9
2 9 9  D . T . S u e s s ,  K . A . P r a t h e r ;  A e r o s o l  S c i .  T e c h n o l o g y  3 6  ( 2 0 0 2 )  1 1 3 9 - 1 1 4 1
3 0 0  T .  E n y a ,  H .  S u z u k i ,  T .  W a t a n a b e ,  T .  H i r a y a m a  a n d  Y .  H i s a m a t s u ,  E n v i r o n m e n t a l  
S c i e n c e  &  T e c h n o l o g y  3 \  ( 1 9 9 7 )  2 7 7 2  -  2 7 7 9
3 0 1  M . K e n d a l l ,  T . D .  T e t l e y ,  E . W i g z e l l ;  J .  P h y s i o l  L u n g  C e l l  M o l  P h y s i o l  2 8 2  ( 2 0 0 2 )  
1 0 9 - 1 1 4
3 0 2  J .  K a i s e r ;  S c i e n c e  3 0 7  ( 2 0 0 5 )  1 8 5 8  -  1 8 5 9
3 0 3  B . E .  E n g a ;  P l a t i n u m  M e t a l s  R e v .  2 6  ( 1 9 8 2 )  5 0  -  6 7
3 0 4  B . E .  E n g a ,  M . F .  B u c h m a n ,  I . E . L i c h s t e n s t e i n ;  S A E  P a p e r  8 2 0 1 8 4  ( 1 9 8 2 )  3 5
3 0 5  H . I s e ,  K . S a i t o h ,  M .  K a w a g o e ,  O .  N a k a y a m a ;  S A E  P a p e r  8 6 0 2 9 2  ( 1 9 8 6 )  1 8 5
3 0 6  D . B .  K i t t e l s o n ;  J .  A e r o s o l  S c i .  2 9  ( 1 9 9 8 )  5 7 5  -  5 8 8
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3 0 7  B . Z i e l i n s k a ;  E x p e r i m e n t a l  a n d  T o x i c o l o g i c  P a t h n o l o g y  5 7  ( 2 0 0 5 )  3 1  - 4 2
3 0 8  S .  B i s w a s ,  S . H u ,  V . V e r m a ,  J . D .  H e m e r ;  W . H .  R o b e r t s o n ;  A t m o s p h e r i c  
E n v i r o n m e n t  4 2  ( 2 0 0 8 )  5 6 2 2  -  5 6 3 4
3 0 9  C . V . G u l i j k ,  J . C . M . M a r i j n i s s e n ,  M . M a k k e e ,  J . A . M o u l i j n ,  A . S c h m i d t ;  A e r o s o l  S c i .
3 5  ( 2 0 0 4 )  6 3 3  -  6 5 5
3 1 0  W . S . K i m ,  S . H .  K i m ,  D . W . L e e ;  E n v i r o n  S c i .  T e c h n o l  3 5  ( 2 0 0 1 )  1 0 0 5  -  1 0 1 2
3 1 1  K . P a r k ,  F . C a o ,  D . B .  K i t t e l s o n ;  E n v i r o n  S c i .  T e c h n o l  3 7  ( 2 0 0 3 )  5 7 7  -  5 8 3
3 1 2  D . B . K i t t e l s o n ,  J .  A e r o s o l  S c i .  2 9  ( 1 9 9 8 )  5 7 5  -  5 8 8
3 1 3  S . O t t ; J . ^ e r o j o / 5 d .  2 1  ( 1 9 9 0 ) 7 1 1  - 7 1 7
3 1 4  J . G . S l o w i k ,  K . S t a i n k e n ;  A e r o s o l  S c i .  a n d  T e c h n o l o g y  3 8  ( 2 0 0 4 )  1 2 0 6  -  1 2 2 2
3 1 5  J . S . O f f e r t ,  J . P . R .  S y m o n d s ,  N . C o l l i n g s ;  J .  A e r o s o l  S c i .  3 8  ( 2 0 0 7 )  6 9  -  8 2
3 1 6  C . H .  L u o ,  W . G . L e e ,  Y . C . L a i ,  C . Y . W e n ;  A t m o s p h e r i c  E n v i r o n m e n t  3 9  ( 2 0 0 5 )  
3 5 6 5 - 3 5 7 2
3 1 7  D . A . W e i t z ,  J . S . H u a n g ;  J .  A e r o s o l  S c i .  1 9  ( 1 9 8 8 )  3 8 7  -  3 8 9
3 1 8  M . K . W U ,  S . K .  F r i e d l a n d e r ;  J .  A e r o s o l  S c i .  2 4  ( 1 9 9 3 )  2 7 3  -  2 8 2
3 1 9  P . W . A l b e r s ,  H . K l e i n ,  E . S . L o x ,  K . S e i b o l d ,  G .  P r e s c h e r ,  S . F .  P a r k e r ;  P C C P  2
( 2 0 0 0 )  1 0 5 1  -  1 0 5 8
3 2 0  K . R . S p m n y ,  D . H o c h r a i n e r ;  A e r o s o l  C h e m i c a l  P r o c e s s e s  i n  t h e  E n v i r o n m e n t  
C R C  P r e s s  ( 2 0 0 0 )  4 9 2
3 2 1  P . D e g o b e r t ;  A u t o m o b i l e  e t  P o l l u t i o n  T e c h n i p  E d .  P a r i s  ( 1 9 9 2 )  2 3 4
3 2 2  K . E . E g e b a c k ,  G . M a s o n ,  U . R a n n u g ;  S t u d i e s  i n  S u r f a c e  S c i  a n d  c a t a l y s i s  7 1  ( 1 9 9 1 )  
7 5
3 2 3  K . S a i t o ,  S . I c h i h a r a ;  C a t a l y s i s  T o d a y  1 0  ( 1 9 9 1 )  4 5 - 5 1
3 2 4  J . S . H o w i t t ,  M o r t i e r t h ;  S A E  p a p e r  8 1 0 1 1 4  ( 1 9 8 1 )
3 2 5  B . J . C o o p e r ,  S . A . R o t h ;  P l a t i n u m  M e t a l s  R e v .  3 5  ( 1 9 9 1 )  1 7 8  -  1 9 1
3 2 6  B . E . E n g a ;  P l a t i n u m  M e t a l s  R e v  2 6  ( 1 9 8 2 )  5 0 - 6 1
3 2 7  Y . K i y o t a ,  K . T s u j i ,  S .  K u m e ;  S A E  P a p e r  8 6 0 2 9 4  ( 1 9 8 6 )  2 0 3  - 2 1 2
3 2 8  J .  K u b s h ;  C o m m e n t s  o f  t h e  M a n u f a c t u r e r s  o f  E m i s s i o n  C o n t r o l s  A s s o c i a t i o n  o n  
t h e  U . S . E n v i r o n m e n t a l  P r o t e c t i o n  A g e n c y ' s  E m i s s i o n  S t a n d a r d s  f o r  S t a t i o n a r y  
D i e s e l  E n g i n e s  A d v a n c e  N o t i c e  o f  P r o p o s e d  R u l e m a r l d n g  ( 2 0 0 8 )
3 2 9  T .  S e g u e l o n g ,  F u e l - B o r n e  C a t a l y s t s  f o r  D i e s e l  P a r t i c u l a t e  F i l t e r  R e g e n e r a t i o n  
A s i a n  V e h i c l e  E m i s s i o n  C o n t r o l  C o n f e r e n c e  ( 2 0 0 1 ) .
3 3 0  C . W o n g ;  C a r b o n  2 6  ( 1 9 8 8 )  7 2 3  -  7 3 1
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3 3 1  J . S o n g ,  J . W a n g ,  A . L .  B o e h m a n ;  C o m b u s t i o n  a n d  F l a m e  1 4 6  ( 2 0 0 6 )  7 3  -  8 4
3 3 2  A .  M i l l e r ,  G .  A h l s t r a n d ,  D .  K i t t e l s o n ,  M .  Z a c h a r i a h ;  C o m b u s t i o n  a n d  F l a m e  1 4 9
( 2 0 0 7 )  1 2 9 - 1 4 3
3 3 3  E . D . D a i n t y ,  A .  L a w s o n ,  H . C . V e r g e e r ,  B . M a n i c o m ;  S A E  P a p e r  8 7 0 0 1 4  ( 1 9 8 7 )  5 7  
—  66
3 3 4  H . I s e ,  K . S a i t o h ,  M . K a w a g o e ;  S A E  P a p e r  8 6 0 2 9 2  ( 1 9 8 6 )  1 8 5  -  1 9 7
3 3 5  N . M i y a m o t o ,  Z . H o u ,  H . O g a w a ;  S A E  P a p e r  8 8 1 2 2 4  ( 1 9 8 8 )  1 -  1 7
3 3 6  J . H .  S o n g ,  J . G .  W a n g  a n d  A . L .  B o e h m a n ;  C o m b u s t i o n  a n d  F l a m e  1 4 6  ( 2 0 0 6 )  7 3  
- 8 4
3 3 7  R . V o n a r b ,  A . H a c h i m i ,  E . J e a n ;  E n e r g y  a n d  F u e l  1 9  ( 2 0 0 5 )  3 5 - 4 1
3 3 8  G . G i l l b e r g ;  E m u l s i o n s  a n d  E m i s s i o n  T e c h n o l o g y  M a r c e l  D e k k e r ,  N e w  Y o r k  
( 1 9 8 4 )  1 - 4 3
3 3 9  A . K . A g a r w a l ;  P r o g r e s s  i n  E n e r g y  a n d  C o m b u s t i o n  S c i .  3 3  ( 2 0 0 7 )  2 3 3  -  2 7 1
3 4 0  J .  I n c h e o l ,  L .  K y i m g  -  H w a n ,  K .  J a e s o o ;  J .  M e c h a n i c a l  S c i .  a n d  T e c h n o l o g y  2 2
( 2 0 0 8 )  1 4 8 -  1 5 6
3 4 1  A . P .  A n d l i e r i a ,  S .  B h a g w a t ;  J .  C o l l o i d  a n d  I n t e r f a c e  S c i .  1 7 1  ( 1 9 9 5 )  2 1 1  -  2 1 7
3 4 2  A . W .  S c h w a b ,  R . S .  F a t t e r e ,  E . H .  P y r i d e ;  J .  D i s p e r . S c i . T e c h n o  I  3  ( 1 9 8 2 )  5 -  1 1
3 4 3  h i s t i t u t e  o f  E n e r g y ;  E n e r g y  f o r  t h e  F u t u r e  ( 2 " ^  e d i t . )  h i s t i t u t e  o f  E n e r g y ,  L o n d o n  
( 1 9 8 6 )  2 0
3 4 4  D e p a i ' t m e n t  o f  E n e r g y ;  P r o s p e c t s  f o r  t h e  E x p l o i t i o n  o f  t h e  R e n e w a b l e  E n e r g y  
T e c h n o l o g i e s  i n  t h e  U n i t e d  K i n g d o m  E T S U  R e p o r t  R 3 0 ,  H M S O ,  L o n d o n  ( 1 9 8 5 )
3 4 5  G . L a b e c k s ,  S . S l a v i n s k a s ;  E n e r g y  C o n v e r s i o n  a n d  M a n a g e m e n t  4 7  ( 2 0 0 6 )  1 9 5 4  -  
1 9 6 7
3 4 6  M . S .  G r a b o s k i ,  R L . M c C o r m i c k ;  P r o g  E n e r g y  C o m b u s t  S c i .  2 4  ( 1 9 9 8 )  1 2 5  -  
1 3 1
3 4 7  G .  L a b e c k a s ,  S .  S l a v i n s k a s ;  E n e r g y  C o n v e r s i o n  a n d  M a n a g e m e n t  4 7  ( 2 0 0 6 )  
1 9 5 4 - 1 9 6 7
3 4 8  J . P . A .  N e e f t ,  M .  M a k k e e ,  J . A . M o u l i j i n ;  A p p l . C a t a l . B . E n v i r o n .  8  ( 1 9 9 6 )  5 7  -  7 8
3 4 9  G a l e  G r o u p ;  C o n s t r u c t i o n  E q u i p m e n t  ( 2 0 0 3 )
3 5 0  J . O .  U c h i s a w a ,  A . O b u c h i ,  R . E n o m o t o ,  S . L i u ;  A p p l .  C a t a l .  B :  E n v i r o n .  2 6  ( 2 0 0 0 )  
1 7 - 2 4
3 5 1  L C . L . L e o c a d i o ,  S . B r a u n  a n d  M .  S c h m a l ;  J . C a t a l .  2 2 3  ( 2 0 0 4 )  1 1 4 - 1 2 1
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3 5 2  P . P a l m i s a n o ,  N .  R u s s o ,  P . F i n o ,  D .  F i n o ,  C .  B a d i n i ;  A p p l  C a t a l .  B :  E n v i r o ï j  6 9
( 2 0 0 6 )  8 5  - 9 2
3 5 3  P . F a n g ,  F X .  M e n g ,  Q X .  J i ;  T h e r m o c h i m i c a  A c t a  4 7 8  (  2 0 0 8 )  4 5  -  5 0
3 5 4  M a r t y  L a s s e n ;  P e r s o n a l  C o m m u n i c a t i o n  J o h n s o n  M a t h e y  ( 2 0 0 2 )
3 5 5  B . W a y n e ,  S . B a r r y ;  D i e s e l  F u e l  A d d i t i v e s  a n d  D i e s e l  F u e l s  C o n t a i n i n g  S o l u b l e  
P l a t i n u m  G r o u p  M e t a l  C o m p o u n d s  a n d  U s e  i n  D i e s e l  E n g i n e s  U n i t e d  S t a t e s  
P a t e n t  4 8 9 2 5 6 2  ( 1 9 9 0 )
3 5 6  Y . J . S o n g ,  R . R . Y u ,  M . L . L i a n g ,  D . Z h a n g ;  C h i n e s e  C h e m i c a l  L e t t e r s  1 8  ( 2 0 0 7 )  8 2 7  
- 8 3 0
3 5 7  D . G r o s s o ,  P . A .  S e r m o n ;  J .  M a t e r .  C h e m .  1 0  ( 2 0 0 0 )  3 5 9  - 3 6 3
3 5 8  P . S t a b n i k o v ,  N .  P e r v u k l r i n a ;  J .  S t r u c t u r e  C h e m i s t r y  4 8  ( 2 0 0 7 )  1 8 6 -  1 9 2
3 5 9  S . Y . J i a ,  Y . R . R e n ;  C h i n e s e  C h e m i c a l  L e t t e r s  1 8  ( 2 0 0 7 )  8 2 7  -  8 3 0
3 6 0  H . J u n g ,  D . B .  K i t t e l s o n ,  M . R . Z a c h a r i a l i ;  C o m b u s t i o n  a n d  F l a m e  1 4 2  ( 2 0 0 5 )  2 7 6  -  
2 8 8
3 6 1  J . H . S o n g ,  J . W a n g ,  A . L . B o e h m a n ;  C o m b u s t i o n  a n d  F l a m e  1 4 6  ( 2 0 0 6 )  7 3  -  8 4
3 6 2  B . P a r k ,  P . M a r t i n ,  C . H a r r i s ;  P a r t i c l e  a n d  F i b r e  T o x i c o l o g y  4  ( 2 0 0 7 )  1 - 1 0
3 6 3  Q . D a i ,  X . W a n g ,  G . L u ;  A p p l i e d  C a t a l y s i s  B :  E n v i r o n m e n t a l  8 1  ( 2 0 0 8 )  1 9 2  -  2 0 2
3 6 4  J . W .  G o o d r u m ,  M A  E i t e m a n ;  B i o r e s o u r  T e c n o l .  5 6  ( 1 9 9 6 )  5 5  -  6 0
3 6 5  A .  J o a q u i n ;  F u e l  8 6  ( 2 0 0 7 )  1 9 7 7  -  1 9 8 2
3 6 6  F . L u q u e ;  O l é a g i n e u x  4 2  ( 1 9 8 7 )  4 7 5  -  4 8 1
3 6 7  L . C . R .  L i l l y ;  D i e s e l  E n g i n e  R e f e r e n c e  B o o k  B u t t e r w o r t h s  ( 1 9 9 1 )  P I  8 / 8
3 6 8  O . M . L  N w a f o r ,  R e n e w a b l e  E n e r g y  2 9  ( 2 0 0 4 )  1 1 9  -  1 2 7
3 6 9  Z .  M a ,  Z . H u a n g ;  F u e l  8 7  (  2 0 0 8 )  1 7 1 1  - 1 7 1 7
3 7 0  C . Y .  L i n ,  L . W .  C h e n ;  F u e l  8 7  ( 2 0 0 8 )  2 1 5 4  -  2 1 6 1
3 7 1  T .  H a j i m e ,  Y .  H i r o s h i ;  N i p p o n  K i k a i  G a k k a i  K a n s a i  S h i b u  T e i j i  S o k a i  K o e n k a i  
K o e n  R o n b u n s h u  7 9  ( 2 0 0 4 )  3 . 2 7  -  3 . 2 8
3 7 2  K .  S u r e s h k u m a r ,  R .  V e l r a j ,  R .  G a n e s a n ;  R e n e w a b l e  E n e r g y  3 3  ( 2 0 0 8 )  2 2 9 4  -  
2 3 0 2
3 7 3  G . L a b e c k a s ,  S . S l a v i n s k a s ;  E n e r g y  C o n v e r s i o n  a n d  M a n a g e m e n t  4 7  ( 2 0 0 6 )  1 9 5 4  
- 1 9 6 7
3 7 4  M . N i s h i o k a ,  S .  N a k a g a w a ,  Y . I s h i j a w a ,  T .  T a k e n o ;  C o m b u s t  F l a m e  9 8  ( 1 9 9 4 )  
1 2 7 - 1 3 8
3 7 5  O .  A r m a s ,  R .  B a l l e s t e r o s ,  F . J .  M a r t o s ,  J . R .  A g u d e l o ;  F u e l  8 4  ( 2 0 0 5 )  1 0 1 1  -  1 0 1 8
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3 7 6  J . C . S u m m e r s ,  S . V . H o u t t e ,  D . P s a r a s ;  A p p l i e d  C a t a l y s i s  B :  E n v i r o n m e n t a l  1 0
( 1 9 9 6 )  1 3 9 -  1 5 6
3 7 7  L . C . R .  L i l l y ;  D i e s e l  E n g i n e  R e f e r e n c e  b o o k  B u t t e r w i r t h s  L o n d o n  ( 1 9 9 1 )  1 8 / 5
3 7 8  J . G h o j e l ,  D . H o n n e r y ,  K .  A I  -  K h a l e e f l ;  A p p l i e d  T h e r m a l  E n g i n e e r i n g  2 6  ( 2 0 0 6 )  
2 1 3 2 - 2 1 4 1
3 7 9  A . L i f ,  K . H o l m b e r g ;  A d v a n c e s  i n  C o l l o i d  a n d  I n t e r f a c e  S c i .  1 2 3  -  1 2 6  ( 2 0 0 6 )  2 3 1  
- 2 3 9
3 8 0  C . Y . L i n ,  K . H . W a n g ;  F u e l  8 3  ( 2 0 0 4 )  5 3 7  -  5 4 1
3 8 1  S . G a n e s a n ,  A . J .  R a m e s h ;  J .  I n s t  E n e r g y  7 5  ( 2 0 0 2 )  2 - 9
3 8 2  N . S a w a ,  S . K a j i t a n i ;  I n t e r n a t i o n a l  C o n g r e s s  a n d  E x p o s i t i o n .  D e t r o i t  F e b  2 4  - 2 8  
1 9 9 2 \  W a r r e n d a l e ,  P A ,  U S A :  S A E  ( 1 9 9 2 )  9 7
3 8 3  S . K .  J l i a ,  S .  F e r n a n d o ,  S . D .  F i l i p ;  F u e l  8 7  ( 2 0 0 8 )  1 9 8 2  -  1 9 8 8
3 8 4  P . K .  S a h o o ,  L . M .  D a s ,  M . K . G .  B a b u ,  S . N .  N a i k ;  F u e l  8 6  ( 2 0 0 7 )  4 4 8  -  4 5 4
3 8 5  D .  U n e r ,  M . K .  D e m i r k o l ,  B .  D e m a i k a ;  A p p l i e d  C a t a l y s i s  B :  E n v i r o n m e n t a l  6 1  
( 2 0 0 5 ) 3 3 4 - 3 4 5
3 8 6  C . K .  N a m l a ,  C .  S t u a r t ,  J . W .  H o a r d ,  T .  H a m m e r ;  J .  A p p l .  C e r a m .  T e c h n o l .  2
( 2 0 0 5 )  4 5 2 - 4 6 6
3 8 7  M . V . T w i g g ;  C a t a l y s i s  T o d a y  1 1 7  ( 2 0 0 6 )  4 0 7  -  4 1 8
3 8 8  C . H e i u ’i c k s o n ;  C h e m i s t j y  ( 2 0 0 5 )  C l i f f s  N o t e s
3 8 9  D H H S  - N I O S H ;  8 6  -  1 0 3  ( 1 9 8 6 )
3 9 0  H . G . W a g n e r ;  S o o  F o r m a t i o n  -  a n  O v e r v i e w  P l e n u m  P r e s s  C o .  N e w  Y o r k  ( 1 9 8 1 )  
1 - 2 9
3 9 1  A . V .  K r e s t i n i n ;  C o m b u s t i o n  a n d  F l a m e  1 2 1  ( 2 0 0 0 )  5 1 3  -  5 2 4
3 9 2  M . S . E l  -  S h o b o k s h y ;  A t m o s p h e r i c  E n v i r o n m e n t  1 8  ( 1 9 8 4 )  2 3 0 5  — 2 3 1 1
3 9 3  C h e m g  -  Y u a n  L i n ,  L i  -  W e i  C h e n ;  F u e l  8 5  ( 2 0 0 6 )  5 9 3  -  6 0 0
3 9 4  W e i S h e n g  Y u e ;  S c i .  t h e  T o t a l  E n v i r o n m e n t  3 6 8  ( 2 0 0 6 )  9 1 6  — 9 2 5
3 9 5  B .  P a r k ,  P .  M a r t i n ,  C .  H a n i s ;  P a r t i c l e  a n d F i b r e T o x i c o l o g y  4 : 1 2  ( 2 0 0 7 )  1 -  1 0
3 9 6  H . J u n g ,  D . B . K i t t e l s o n ,  M . R . Z a c h a r i a l i ;  C o m b u s t i o n  a n d  F l a m e  1 4 2  ( 2 0 0 5 )  2 7 6  -  
288
3 9 7  S . B i s w a s ,  S . H u ,  V . V Q x m s r ,  A t m o s p h e r i c  E n v i r o n m e n t  4 2  ( 2 0 0 8 )  5 6 2 2  -  5 6 3 4
3 9 8  K . L . C h o y ;  P r o g r e s s  i n  M a t e r i a l s  S c i  4 8  ( 2 0 0 3 )  5 7 - 1 7 0
3 9 9  T .  L e e v i j i t ,  C .  T o n g u r a i ,  G .  P r a t e e p c h a i k u l ;  B i o r e s o u r c e  T e c h n o l o g y  9 9  ( 2 0 0 8 )  
2 1 4 - 2 2 1
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4 0 0  M . S e i p e n b u s c h  e t  a l ;  A p p l i e d  C a t a l y s i s  B :  E n v i r o n m e n t  5 5  ( 2 0 0 5 )  3 1  - 3 7
4 0 1  J . S .  O l f e r t ,  J . P . R .  S y n i o n d s ;  J . A e r s o l  S c i e n c e ' ,  3 8  ( 2 0 0 7 )  6 9  - 8 2
4 0 2  H . J u n g ,  D . B . K i t t e l s o n ;  E n v i r o n m e n t a l  S c i e n c e  a n d  T e c h n o l o g y  4 0  ( 2 0 0 6 )  4 9 4 9  -  
4 9 5 5
4 0 3  H . J u n g ,  D . B .  K i t t e l s o n ,  M . R . Z a c h a r i a l i ;  C o m b u s t i o n  a n d  F l a m e  1 4 2  ( 2 0 0 5 )  2 7 6  
- 2 8 8
4 0 4  D . I . D a n i h e r ,  J . Z h u ;  P a r t i c u o l o g y  6  ( 2 0 0 8 )  2 2 5  -  2 3 8
4 0 5  S . B i s w a s ,  S . H u ,  V . V e n n a ;  A t m o s p h e r i c  E n v i r o n m e n t  4 2  ( 2 0 0 8 )  5 6 2 2  -  5 6 3 4
4 0 6  A . W i l l i a m s ,  L .  R o b e r t ,  R . R . H a y e s ,  J . I r e l a n d ;  P o w e r t r a i n  a n d  F l u i d  S y s t e m s  
C o n f e r e n c e  a n d  E x h i b i t i o n  O c t o b e r  ( 2 0 0 6 )  T o r o n t o ,  C a n d a
4 0 7  B . D i p p e l ,  H . J a n d e r ,  J . H e i n t z e n b e r g ;  P h y s .  C h e m .  C h e m .  P h y s .  1 ( 1 9 9 9 )  4 7 0 7  -  
4 7 1 2
4 0 8  S . K e l e n i e n ,  H . L . F a n g ;  E n e r g y  a n d  F u e l s  1 5  ( 2 0 0 1 )  6 5 3  -  6 6 0
4 0 9  B o e h m a n ,  A . L .  S o n g ,  J . A l a m ;  E n e r g y  a n d  F u e l s  1 9  ( 2 0 0 5 )  1 8 5 7  -  1 8 6 3
4 1 0  H . W a n g ,  Y . W u ,  C . K . S .  C h o o n g ;  N a n o t e c h n o l o g y  1 ( 2 0 0 6 )  2 1 9 - 2 2 2
4 1 1  Y . C r o u z e t ,  W H .  M a r l o w ;  A e r o s o l  S c i .  T e c h n o l  2 2  ( 2 0 0 6 )  4 3  -  5 9
4 1 2  R . F l o u t y ,  E . A b i  -  A a d ,  S . S i f f e r t ,  A . A b o u k a ï s ;  J .  E l e c t r o n  D e v i c e s  2  ( 2 0 0 3 )  2 1  -  
2 6
4 1 3  W . R .  K r i g b a u m ,  R . J .  R o e ;  J .  P o l y m e r  S c i .  P a r t  A :  G e n e r a l  P a p e r s  2  ( 2 0 0 3 )  4 3 9 1  
- 4 4 1 4
4 1 4  H .  J u n g ,  D a v i d  B .  K i t t e l s o n ,  M .  R .  Z a c h a r i a h ;  C o m b u s t i o n  a n d  F l a m e  1 4 2  ( 2 0 0 5 )  
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4 1 5  J .  S o n g ,  J .  W a n g ,  A . L .  B o e h m a n ;  C o m b u s t i o n  a n d  F l a m e  1 4 6  ( 2 0 0 6 )  7 3  -  8 4
4 1 6  L . A . J .  G a i ' v i e ,  P . R .  B u s e c k ;  J . P h y s .  C h e m . S o l i d s  6 0  ( 1 9 9 9 )  1 9 4 3  -  1 9 4 7
4 1 7  F e i  Y e ,  T .  M o r i ,  D i n g  R o n g  O u ;  J .  A p p l i e d  P h y s i c s ' ,  1 0 1  ( 2 0 0 7 )  1 1 3 5 2 8
4 1 8  G . K a i n d l ,  G . K a l k o w s k i ,  W . D .  B r e w e r ,  B .  P e r s c h e i d ;  J .  A p p l .  P h y s .  5 5  ( 1 9 8 4 )  
1 9 1 0 - 1 9 1 6
4 1 9  L . A . J . G a i ' v i e  a n d  P . R . B u s e c k ;  J . P h y s . C h e m . S o l i d s  6 0  ( 1 9 9 9 )  1 9 4 3  -  1 9 4 7
4 2 0  A S T M  E 6 9 8  -  0 5
4 2 1  B . S t a n m o r e ,  B . J . F . P .  G i l o t ;  T h e  I g n i t i o n  a n d  C o m b u s t i o n  o f  C e r i u m  D o p e d  
D i e s e l  S o o t  S A E  T e c h n i c a l  P a p e r  ( 1 9 9 9 )  1 9 9 9  — 0 1 - 0 1 1 5
4 2 2  H . J u n g ,  D . B . K i t t e l s o n ,  M . R . Z a c h a r i a h ;  C o m b u s t i o n  a n d  F l a m e  1 4 2  ( 2 0 0 5 )  2 7 6  -  
2 8 8
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4 2 3  J . L a h a y e ,  S . B o e h m ,  P . E h r b m - g e r ;  C o m b u s t .  F l a m e  1 0 4  ( 1 9 9 6 )  1 9 9 - 2 0 7
4 2 4  B . S t a n m o r e ,  B . J . G i l o t ;  S A E  P a p e r  1 9 9 9 - 0 1 - 0 1 1 5  ( 1 9 9 9 )
4 2 5  K . J .  H i g g i n s ,  H . J u n g ,  D . B .  K i t t e l s o n , J . T .  R o b e r t s ;  E n v i r o n  S c i  T e c h n o l  3 7  ( 2 0 0 3 )
1 9 4 9 -  1 9 5 4
4 2 6  K . J .  H i g g i n s ,  H . J u n g ,  D . B .  K i t t e l s o n  ,  J . T .  R o b e r t s ;  J  P h y s .  C h e m .  ^  1 0 6  ( 2 0 0 2 )
9 6 - 1 0 3
4 2 7  V . E . H e m i c h ,  P . A . C o x ;  T h e  S u r f a c e  S c i e n c e  o f  M e t a l  O x i d e s  C a m b r i d g e  
U n i v e r s i t y  P r e s s  ( 1 9 9 6 )  1 3 8
4 2 8  M .  K o u z u ,  T . K a s u n o ,  M . T a j i k a ,  Y . S u g i m o t o ;  F u e l  8 7  ( 2 0 0 8 )  2 7 9 8  -  2 8 0 6
4 2 9  A . K . S i n g h ,  S . D . f e m a n d o ;  E n e r g y  &  F u e l s  2 2  ( 2 0 0 8 )  2 0 6 7  -  2 0 6 9
4 3 0  M . A . A r a m e n d i a ,  V . B o r a u ;  J .  M o l e c u l a r  C a t a l y s i s  A :  C h e m i c a l  1 7 1  ( 2 0 0 1 )  1 5 3  -  
1 5 8
4 3 1  C . R . V . R e d d y ,  R .  O s h e l ,  J . G .  V e r k a d e ;  E n e r g y  f u e l s  2 0  ( 2 0 0 6 )  1 3 1 0 - 1 3 1 4
4 3 2  C . B l a n d y ,  J . L . P e l l e g t t a ,  P . C a s s o u x ;  C a t a l y s i s  L e t t e r s  4 3  ( 1 9 9 7 )  1 3 9  -  1 4 2
4 3 3  M . J . M u n o z - G u i l l e n a ,  M . C . M a c i a s - P é r e z ,  A . L . S o l a n o ;  F u e l  7 6  ( 1 9 9 7 )  5 2 7  -  5 3 2
4 3 4  M . C . M a c i a s - P é r e z ,  M . A . L i l l o  -  R ô d e n a s ,  A .  B u e n o  -  L o p e z ,  C .  S . M a r t  I n e z  d e  
L e c e a ,  A . L . S o l a n o ;  F u e l  8 7  ( 2 0 0 8 )  2 5 4 4  -  2 5 5 0
4 3 5  M . C . M a c i a s - P é r e z ,  M . A . L i l l o  -  R ô d e n a s ,  A . B u e n o  -  L ô p e z ,  C . S . M a r t i  n e z  d e  
L e c e a ,  A . L . S o l a n o ;  F u e l  8 7  ( 2 0 0 8 )  3 1 7 0  -  3 1 7 5
4 3 6  S . C o l l u r a ,  N . C h a o u i ,  A . K o c h ,  J . V . W e b e r ;  C a r b o n  4 0  ( 2 0 0 2 )  2 2 6 8  -  2 2 7 0
4 3 7  h t t p : / / w w w . a s i i n s t r . c o m / t e c h n i c a l / D i e l e c t r i c % 2 0 C o n s t a n t s . h t m
4 3 8  A . P . H u m e ,  L . R . W e a t h e r l e y ,  J . P e t e r a ;  C h e m i c a l  E n g i n e e r i n g  J .  9 5  ( 2 0 0 3 )  1 7 1  -
1 7 7
4 3 9  B . F r e e m a n ,  R . O .  B u t t e r f i e l d ;  J . A M . O i l  C h e m .  S o c  6 3  ( 1 9 8 6 )  1 3 7 5  -  1 3 8 0
4 4 0  T . S a k a i ,  A . K a w a s h i m a ,  T .  K o s h i k a w a ;  B i o r e s o u r c e  T e c h n o l o g y  1 0 0  ( 2 0 0 9 )  3 2 6 8  
- 3 2 7 6
4 4 1  M . A . Z a i d ;  E n e r g y  C o n v e r s  M a n a g  4 5  ( 2 0 0 4 )  6 9 7  -  7 0 8
4 4 2  L . Y .  C h e m g ,  L . W . C h e n ;  F u e l  8 7  ( 2 0 0 8 )  2 1 5 4 - 2 1 6 1
4 4 3  W . C h e n ,  J . R . L i ,  Z . F . M a ;  C h e m i s t i y  L e t t e r s  2 9  ( 2 0 0 0 )  7 1 6  -  7 2 3
4 4 4  M . H .  A b d u l m u i n ,  S . H .  C h u a ,  J .  E n e r g y  H e a t  M a s s  T r a n s f e r  1 6  ( 1 9 9 4 )  2 9 5  -  3 0 3
4 4 5  A . k e r i h u e l ,  M .  S .  K u m a r ,  J .  B e l l e t t r e ;  F u e l  8 5  ( 2 0 0 6 )  2 6 4 0  -  2 6 4 5
4 4 6  T . N . D . C .  D a n t a s ,  A . C .  d a  S i l v a ,  A . A . D .  N e t o ;  F u e l  8 0  ( 2 0 0 1 )  7 5  -  8 1
4 4 7  A .  S r i v a s t a v a ,  R .  P r a s a d ,  R e n e w  S u s t a i n  E n e r g y  R e v .  4  ( 2 0 0 0 )  1 1 1  -  1 3 3
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4 4 8  P . K w a i i c h a r e o n ,  A . L u e n g n a m e m i t c h a i ;  F u e l  8 6  ( 2 0 0 7 )  1 0 5 3  -  1 0 6 1
4 4 9  D . A . S a b a t i n i ,  E . A c o s t a ,  J . H . H a r w e l l ;  C u r r e n t  O p i n i o n  i n  C o l l o i d  a n d  I n t e r f a c e  
S c i .  8  ( 2 0 0 3 ) 3 1 6 - 3 2 6
4 5 0  F . W a n g ,  B . F a n g ,  Z . Z h a n g ,  S . Z h a n g ,  Y . C h e n ;  F u e l  8 7  ( 2 0 0 8 )  2 5 1 7  -  2 5 2 2
4 5 1  S .  L .  W a t t ,  D .  T u n a l e y ,  S .  B i g g s ;  C o l l o i d s  a n d  S u r f a c e s  A  1 3 7  ( 1 9 9 8 )  2 5  -  3 3
4 5 2  M . A n g u s t i a s ,  J . E .  M o r o s ,  J . M .  F r a n c o ,  C .  G a l l e g o s ;  E u r o p e a n  F o o d  R e s e a r c h  
a n d  T e c h n o l o g y  2 2 0  ( 2 0 0 5 )  3 8 0 - 3 8 8
4 5 3  J . H .  S o n g  J . R . G .  E v a n s ;  J .  M a t e r i a l s  R e s e a r c h  9  ( 1 9 9 4 )  2 3 8 6  -  2 3 9 7
4 5 4  Z . D . X u ,  N . H a d j i c h r i s t i d i s ,  L . J . F e t t e r s ,  J . W .  M a y s ;  A d v a n c e s  i n  P o l y m e r  S c i .
( 1 9 9 5 )  S p r i n g e r  B e r l i n  3 4
4 5 5  H .  A b d u r a h m a n ,  R .  M .  Y u n u s ;  J .  A p p l .  S c i .  6  ( 2 0 0 6 )  2 8 9 5  -  2 9 0 0
4 5 6  L . Y .  C h e r n g ,  K . H .  L i n ;  J .  E n v i r o n m e n t a l  S c i .  a n d  H e a l t h  P a r t  A  3 9  ( 2 0 0 4 )  1 3 4 5  
-1 3 5 9
4 5 7  R . l e u n g ,  D . O . S h a h ,  J .  C o l l o i d  I n t e r f a c e  S c i .  1 2 0  ( 1 9 8 0 )  3 2 0  -  3 3 0
4 5 8  M . J .  H o u ,  D . O .  S h a h ;  L a n g m u i r  3  ( 1 9 8 7 )  1 0 8 6  -  1 0 9 5
4 5 9  J . A . A l i ,  S . A . B a r r i n g e r / .  E l e c t r o s t a t i c s  6 3  ( 2 0 0 5 )  3 6 1  — 3 6 9
4 6 0  G .  I .  T a y l o r ,  P r o c .  R .  S o c .  L o n d o n ,  S e r .  A  1 4 6  ( 1 9 3 4 )  5 0 1  -  5 1 2  .
4 6 1  E .  A l p t e k i n ,  M .  C a n a k c i ;  R e n e w a b l e  E n e r g y  3 3  ( 2 0 0 8 )  2 6 2 3  -  2 6 3 0
4 6 2  Y . M a s u d a ,  M . S e k i ,  M . N a k a y a m a ;  S o l i d  S t a t e  I o n i c s  1 7 7  ( 2 0 0 6 )  8 4 3  -  8 4 6
4 6 3  J . D e c h o z ,  C . R o z e ;  A p p l .  S u r f a c e  S c i .  2 2 9  ( 2 0 0 4 )  1 7 5 -  1 8 2
4 6 4  A . W . C e c i l ,  K .  W a t t s ,  R . G . A c k m a n ;  J .  A m e r i c a n  O i l  C h e m i s t s '  S o c i e t y  7 6  ( 1 9 9 9 )  
3 1 7 - 3 2 3
4 6 5  T .  T a k e i ,  K .  M u k a s a ,  M .  K o f i i j i ,  T .  W a t a n a b e ,  T .  K a n a z a w a ;  C o l l o i d  a n d  
P o l y m e r  S c i .  2 7 8  (  2 0 0 0 )  4 7 5  -  4 8 0
4 6 6  R . C h a n d r a ,  R . K u m a r ;  E n e r g y  &  F u e l s  2 1  ( 2 0 0 7 )  3 4 1 0 - 3 4 1 4
4 6 7  M . N i s h i o k a ,  S .  N a k a g a w a ,  Y . I s h i j a w a ,  T .  T a k e n o ;  C o m b u s t  F l a m e  9 8  ( 1 9 9 4 )  
1 2 7 - 1 3 8
4 6 8  M . S . E I  -  S h o b o k s h y ;  A t m o s p h e r i c  E n v i r o n m e n t  1 8  ( 1 9 8 4 )  2 3 0 5  -  2 3 1 1
4 6 9  O . M . L  N w a f o r ,  R e n e w a b l e  E n e r g y  2 9  ( 2 0 0 4 )  1 1 9  — 1 2 7
4 7 0  Z .  M a ,  Z . H u a n g ;  F u e l  8 7  (  2 0 0 8 )  1 7 1 1  - 1 7 1 7
4 7 1  C . Y .  L i n ,  L . W .  C h e n ;  F u e l  8 7  ( 2 0 0 8 )  2 1 5 4 - 2 1 6 1
4 7 2  T a n a k a  H a j i m e ,  Y a m a s a k i  H i r o s h i ;  N i p p o n  K i k a i  G a k k a i  K a n s a i  S h i b u  T e i j i  
S o k a i  K o e n k a i  K o e n  R o n b u n s h u  7 9  ( 2 0 0 4 )  3 . 2 7  — 3 . 2 8
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4 7 3  O .  A i m a s ,  R .  B a l l e s t e r o s ,  F . J .  M a r t o s ,  J . R .  A g u d e l o ;  F u e l  8 4  ( 2 0 0 5 )  1 0 1 1  - 1 0 1 8
4 7 4  J . G h o j e l ,  D . H o n n e i y ,  K .  A I  -  K l i a l e e f i ;  A p p l i e d  T h e r m o L  E n g i n e e r i n g  2 6  ( 2 0 0 6 )  
2 1 3 2 - 2 1 4 1
4 7 5  A . L i f ,  K . H o l m b e r g ;  A d v a n c e s  i n  C o l l o i d  a n d  I n t e r f a c e  S c i .  1 2 3  -  1 2 6  ( 2 0 0 6 )  2 3 1  
- 2 3 9
4 7 6  C . Y . L i n ,  K . H . W a n g ;  F u e l  8 3  ( 2 0 0 4 )  5 3 7  -  5 4 1
4 7 7  S . G a n e s a n ,  A . J .  R a m e s h ;  J .  I n s t  E n e r g y  7 5  ( 2 0 0 2 )  2 - 9
4 7 8  N . S a w a ,  S . K a j i t a n i ;  I n t e r n a t i o n a l  C o n g r e s s  a n d  E x p o s i t i o n .  D e t r o i t  F e b  2 4  - 2 8  
J 9 9 2 ;  W a n e n d a l e ,  P A ,  U S A : S A E  ( 1 9 9 2 )  9 7
4 7 9  C h e m g  -  Y u a n  L i n ,  L i  -  W e i  C h e n ;  F u e l  8 5  ( 2 0 0 6 )  5 9 3  -  6 0 0
4 8 0  O . A m i a s ,  R . B a l l e s t e r o s ,  F . J . M a i t o s ,  J . R . A g u d e l o ;  F u e l  8 4  ( 2 0 0 5 )  1 0 1 1  -  1 0 1 8
4 8 1  K .  S u r e s h k u m a r ,  R .  V e l r a j ,  R .  G a n e s a n ;  R e n e w a b l e  E n e r g y  3 3  ( 2 0 0 8 )  2 2 9 4  -  
2 3 0 2
4 8 2  J . C . S u m m e r s ,  S . V . H o u t t e ,  D . P s a r a s ;  A p p l i e d  C a t a l y s i s  B :  E n v i r o n m e n t a l  1 0
( 1 9 9 6 )  1 3 9 -  1 5 6
4 8 3  S . K .  J h a ,  S .  F e r n a n d o ,  S . D .  F i l i p ;  F u e l  8 7  ( 2 0 0 8 )  1 9 8 2  -  1 9 8 8
4 8 4  K . k r i s h n a ,  M . M a k k e e ;  T o p i c s  i n  C a t a l y s i s  4 2  ( 2 0 0 7 )  2 2 9  -  2 3 6
4 8 5  S . D . S h a h ,  D . R . C o c k e r ,  K . C . J o h n s o n ,  J . M . L e e ;  E n v i r o n m e n t a l  S c i .  &  T e c h .  4 1
( 2 0 0 7 )  5 0 7 0  -  5 0 7 6
4 8 6  N . V . H e e b ,  P .  S c h m i d ,  M . K o h l e r  e t  a l . ;  E n v i r o n m e n t a l  S c i .  &  T e c h .  4 2  ( 2 0 0 8 )  
3 7 7 3  -  3 7 7 9
4 8 7  J . H . S o n g ,  J . G . W a n g ,  A . L . B o e h m a n ;  C o m b u s t i o n  a n d  F l a m e  1 4 6  ( 2 0 0 6 )  7 3  -  8 4
4 8 8  Y . C r o u z e t ,  W H .  M a r l o w ;  A e r o s o l  S c i .  T e c h n o l  2 2  ( 2 0 0 6 )  4 3  -  5 9
4 8 9  S . B a s t i a n o n i ,  F . C o p p o l a ,  E . T i e z z i ,  A . C o l a c e v i c h ;  B i o m a s s  a n d  B i o e n e r g y  3 2
( 2 0 0 8 )  6 1 9 - 6 2 8
4 9 0  C . H . H s i e h ,  W . T . W u ;  B i o r e s o u r c e  T e c h n o l o g y  1 0 0  ( 2 0 0 9 )  3 9 2 1  -  3 9 2 6
4 9 1  B . H . U m ,  Y . S . K i m ;  J .  I n d u s t r i a l  a n d  E n g i n e e r i n g  C h e m i s t i y  1 5  ( 2 0 0 9 )  1 - 7
4 9 2  R . U t h a y a k u m a r  a n d  P .  P a r a m a n a t h a n ,  A p p l i e d  M a t h e m a t i c s  a n d  C o m p u t a t i o n  
1 8 9  ( 2 0 0 7 )  6 8 - 7 3
4 9 3  H . T . G u o ,  P . A . S e m i o n ;  M a s t e r  T h e s i s  ( 2 0 0 5 )
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